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SOME EXPERIMENTS UPON THE ROASTING

OF IRON PYRITES.

LR T R R P p———

Although much work has been done upon the roasting of
iron pyrites in large scale plant, chiefly in the manufacture
of sulphuric acid, and, in a general way, the necessary
conditions for good roasting in the various types of plant
are known to practical men, yet very little systematie
work has been carried out in this field. For this reason
it was considered desirable to carry out a series of roasting
experiments and, if possible, endeavour to follow the various
stages in the roasting operation. Further it was deemed
advisable to investigate the influence of the size of the
particles and rate of the flow of the air through the furnace,
upon the course of these reactions. For these purposes a
study of the composition of the gases at various temperatures
seemed the most promising method of investigation.

Before the work could be started much thought had to
be given to the methods to be pursued and the apparatus to
be used. One point of fundemental importance which had to
be settled was, would the composition of the gas alter while
the sample was being withdrawn from the furnace into the
absorbing liquid on account of the alteration.. in the
temperature, To decide this point a series of experiments
was planned, the results of which showed that the gases could
be withdrawn from the furnace without change of composition,
provided glass tubing was used for the purpose and that no

rubber came in contact with the gases.

First series of Experiments.

Object:- To investigate if any SO§ 1s formed when a mixture
of SO2 and air is passed through a Silica Tube when hot,

Apparatus:- This is shown in Figure 1. The tubes leading

into the absorption bottles were drawn to a fine point,

ground/
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ground smooth, and adjustedlby means of a rubber joint
on the tube, but well clear of the liquid, to touch the
bottom of the bottle. By this means the gas stream was
broken up into extremely fine bubbles about 1 m.m. in
diameter and complete absorption was ensured, That the
absorption was complete was proved by inserting a second
wash bottle containing dilute solution of the absorbing
reagent, This wash bottle always gave a blank result.
Procedure:- A mixture of air and So2 was passed through
the silica tube which was inserted in an electrically-
heated furnace, The alr was supplied at the rate of a

half litre per minute and SO, at three bubbles in two seconds.

2
Samples of the emergent gases were drawn off through
absorbents in the gas-wash bottles numbered 1 and 2, by means
of aspirators., The volume of the sample was measured by
the water run out into the measuring jars below, Suitable
quantities of standard x! Potassium Iodide and Potassium
hydroxide solutions were placed in the wash-bottles 1 and 2
respectively. A volume of about 500 ccs. was aspirated for
each sample, The time required for each test was about
30 minutes so that a sample of about 3% of the gases was
obtained. Starch was added to the Iodine solution and
Phenolphthalin to the KOH solution and the gas was passed
t111 the end points were reached; these could be determined
very exactly and were arranged to come close together,

Tests were made first with the tube cold, and then the
tube was heated to about 500° C. and another set of tests made.
In each case the ratio of the volume of gas necessary to

neutralise the KOH to that required to reduce the Iodine was

determined thus:~
Reducing Power =
Ratio = Acldity Ccs of gas to neutralise KOH
Ccs of gas to reduce Iodine.

While the proportion "total acid" was constant, the reducing

power/



power decreased as the 303 content increased, so the fall of the
ratio gave a measure of the SO formed.

Results:- The following resilts were obtained. Presuming
that there was no conversion in the cold tube, which is known
to be the case, th§ heated tube shows considerable formation

of sos. This was apparent from the volume of white fume

emerging from the apparatus,

Reduction. Acidity. Ratio =
Experiment. Reducing Power,
Ces,Iodine, |.CémsGas|Ccs Cecs- Acldity.
KOH. | Gas,
Tube Cold, 25 585 10 480 0.821
Tube Hot. 25 655 10 510 0,778

Therefore Sos is formed when 802 and air are passed

through a heated silica tube,

Second Series of Experiments.

Object:- To investigate if any SO:3 is formed when a mixture
of S0, and air 1s passed through a Heated Glass tube,
Apparatus:- The apparatus used was similar to that utilised
for the previous set of experiments except that the silica
tube was replaced by a hard-glass combustion tube,
Procedure:- A parallel set of tests to those carried out

in the previous investigation was performed but as the
experiment with the hot tdube showed no conversion this was

repeated several times in order to confirm this result,

Results: -
N .
. Reduction. Acidity. Ratio =
Experiment. Reducing Power
Cos, 1 Ccs Gas.]Ccs Ces Acldity
2 KOH Gas
Tube Cold. 25 815 10 660 0.810
Tube Hot. | 25 700 10 570 0.814
Tube Hot. 25 640 10 525 0.820

In these experiments no white fumes were visible in the

gases emerging from the furnace.
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Summagx:- The results for the cold Glass tube agree with those
for the cold Silica tube, as would be expected. The results
show that no change takes place in a heated Glass tube, so
that an analysis of the gases drawn from a furnace by means

of a Glass tube is representative of the gases in the furnace.
This 1s supported by results derived from Contact sulphuric
acid practice. In plantemé practice it was found that
samples of ingolng and exit gases of the Convertea Ovens

when withdrawn through iron tubes gave "conversion" figures
which were not in good agreement with the actual production
figures of sos. The "conversion' figures were too low.

When glass tubing was inserted inside the iron tube and
zamples withdrawn through the glass tubing higher conversion
figures were obtained and these were in good asgreement with
the actual recovery figures, It was on the hot side, that 1is
the exit side, that the greatest difference was observed.,

Some SO, was being decomposed in passing through the iron

3
tube.

Third Series of Experiments.

Object:- To investigate the stability of a mixture of

802, SOS’ and air when passed through a Glass tube which is
maintained at different temperatures,

Apparatus:- The apparatus was slightly modified from that
used in the previous experiments in that the 802 and air was
passed over platinised magnesium sulphate in a furnace
maintained at a temperature of 420°C. to obtain SO5 in the
gases, Moreover the So2 content only of the gas before and
after passing through the heated Glass tube was determined
in this case.

Procedure:- A mixture of SO, and alr was passed into the

2
first furnace which was a resistance furnace having a silica
tube, In this tube was placed a porcelain boat into which

was put 10 grams of platinised mass. This converted part
ot/



of the 802 to 305.

A sample was drawn from the mixed emergent gases, through
an absorption bottle containing N/10 iodine, by an aspirator,
and the So2 content estimated, The gases then passed
through a second furnace through which passed a Glass tube.

A second sample was withdrawn from the gas stream as it
emerged from this furnace and the 802 content determined

as before, A series of experiments were carried out. The
first set was carried out with the Furnace B cold, the second
set with this furnace heated to about 600°C., the middle

12 inch portion of the 2 ft, 6 in. tube being heated, and
the third set using the same temperature for the second
furnace but heating the end of the tube nearest to the
second absorption bottle. This meant that in one case the
gases were cooled a little before passing into the absorbing
medium and in the other case they were cooled only to a
very slight degree, In order to further accentuate the

second case the rate of aspiration was increased,

Results:=-
Before glass tube. After glass tube. Differ-
Experiment,  ~---reremcemcre e ence,
Ces, 12. Ccss Gas, Ccs, 12. Cecs.Gas,

Tube Cold (B) 25 - 1235 25 1275 +2
Tube Cold (B) 25 540 25 550 +2
Tube Cold (B) 25 520 25 524 +]

~ Tube Centre Hot 25 448 25 453 +1
Tube Centre Hot 25 440 25 438 =0°05
Tube End Hot 25 720 25 713 -1
Tube End Hot 25 895 25 908 +1

Summary:- These results show that, within the limits of
accuracy of the experiments, the gases S0, SOS, and air do not
elter in composition in passing through a heated Glass tube,
but that in passing through a heated Silica tube, considerable

change can take place.

It was found that when a deposit of carbon, from

decomposed/
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decomposed corks, formed on the glass tube change of

composition of the gas took places this again is borne
out by large scale practice, For this reason the glass
tube was kept as clean and dry as possible,

The apparatus which was used for investigating the
roasting of iron pyrites ia:shown in Figure 3. Having
shown that the gases S0, 802 and 02 can be withdrawn from
the furnace through clean glass tubing without altering the

state of equilibrium it was considered that the sequence of

roasting reactions could best be studied by following the
change in the Soz'and So5 contents of the emergent gases,
Knowing that the glass tube through which the gas damples
is drawn must be clean the cork at the exit side of the
furnace was replaced by a special carborundum joint. The

air before passing into the furnace was dried by passing it throug%

a calcium chloride drying tower, As a result of this precaution .
no acid condensed in the outlet tube. ‘
Pressure gauges were fitted to the apparatus, one on
the inlet side of the furnace and one on the aspirator.
This ensured a constant pressure throughout the apparatus
and also ensured that the pressure in the aspirator was
the same in each test; thus increasing the accuracy of
the results., The introduction of the nozzle on the inlet
side allowed of more easy regulation of the rate of the

air supply and by varying the size of the nozzle the amount
of air passing was more easily and more accurately regulated.,
After some experimenting the best sizes of nozzles for the !
various rates of flow were obtained.

Another method of analysis was adopted. In order to
minimise the number of volume readings, and so reduce liab-
111ty to error, absorption in N/10 Iodine was adopted |
followed by another wash bottle containing N/100 Iodine, 3
By adopting the precautions already mentioned in the earlier

experiments/
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experiments absorption was found to be complete in the lst
wash bottle. The SO0, and So5 were absorbed in the same
wash bottle. Also in these experiments only a certain
amount of gas was drawn through the wash bottles, not
sufficient to oxidise all of the Iodine. The excess of
lodine was determined by titrating with N/10 Sodium Th#osulphate
and from this figure the amount of SO2 in the known volume
of the gas was calculated, An excess of thiosulphate was
then added and the solution titrated to neutrality with N/10
NaOH and the amount of SO3 in the known volume of the gas
calculated, The method of calculation is as follows:-

if x 1s the number of ccs. of N/10 NaOH and y equals the
number of ccs of N/10 Iodine, then the weight of S0, equals
0.0032y grams and the weight of SO; equals 0.,0040 (x - 2y)

grams of SO Taylor and Occleshaw found that this method

ze
gave very satisfactory results when checked against other
methods of analysis but that it was desirable to titrate
with thiosulphate immediately after the test was completed
as a very slow oxidation of the SO2 by 02 takes place,
This precaution was observed. Tests were carried out
at intervals of 50°C. up to a maximum temperature of 900°C.
The temperature of the furnace was measured by a thermocouple
and the temperature was regulated by a rheostat, The
oxygen content of the alr was determined at frequent intervals
by means of a Hempel gas apparatus. It was found to remain
very constant throughout all the experiments, the figure
obtained being 20.8%. It was essential that the oxygen content
of the air remain constant,

The ore used in these roasting experiments was practically
a pure iron pyrites. his ore was chosen so that the
variables should be reduced to a minimum and so that more

accurate deductions might be made from the data resulting from

the experiments. Moreover no variation of composition would

be/
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be obtained in the fine ore and the coarse orej this point was

confirmed by analysis. The analysis of the ore is given
in the following table:-

N I1I.
Fe 48.4 48,2
S 49,0 490.4
Cu l.4 1,2
sio, 0.8 _0.76
99,6 99,56

The ore was classified into various sizes and dried
at 100°C. before being used in the various experiments.

10 graftms of ore equivalent to 4.92 gms, of Sulphur were
used for each experiment. The ore was placed in fireclay
boat and it was rabbled at the end of each test.

For the first experiment the size of the ore used was
through 20 mesh and ley on 50 mesh. The rate of flow of
the air into the apparatus was kept constant throughout
the experiment and was approximately 1/20 cubic foot per minute,

In Table I the data obtained during this experiment
deeset out and in Table II the calculated data, necessary for
a study of the reactions involved in the roasting of the ore,
are given. Fig.4. shows the Information of Table II in
graphical form.

From a study of Figure 4,it would appear that a series
of reactions are involved and that each change in direction
of the curves indicated some change in conditions,

The influence of the size of the ore, on the reactions
involved, was mext considered. To investigate this point
three sizes of ore were selected. The sizes shown were 1/8",
10 mesh and 100 mesh. Throughout -the various experiments
the rate of flow of the alr into the furﬂace was kept

constant, the figure being the same as used in the earlier

experiments./
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experiment, The calculated data derived from these
experiments are shown in Tables 3, 4 and 5, and the
graphs drawn from the data are given in Figs. 5, 6 and 7.
The general resemblance of these curves to Fig.4 1is very
striking, each curve being, as before, made up of a
number of individual portions,

The other very important factor in rossting operations
i1s the rate of supply of air to the furnace. This point was
investigated by carrying out a series of experiments with
verying rates of supply of air to the furnace, the size of
the ore being maintained at a constant figure. For this
purpose ore of 30 mesh slze was used, The rate of flow of
air was measured by the meter shown in Figure 3. The meter
was also used to check the rates of flow in the earlier
experiments so that a steady rate of flow might be attained,
From preliminary experiments it was determined that using
nozzles of 3", 3" and 1/32" diameter of pressure nozzle
rates of flow of air of 1/10 cublc foot, 1/20 cubic foot and 1/30
cubic foot could be readily maintained over the whole period
of the experiment. This device proved eminently more
satisfactory than the earlier endeavours to control the
rate of flow by means of screﬁ clips. The air was supplied
from a very large storage tank and the pressure of the air'
in the storage cylinder did not alter measurably during an
experiment. A pressure gauge was fitted to the tank,

The data obtained from these experiments are recorded in
tables 6, 7, and 8 and shown in graphical form in Figures 8,
9 and 10, The curves show the same general features as
those curves already mentioned. It may be mentioned in
passing that in the two extreme cases of rapid flow of air
and of finely comminuted ore the marked irregularities of
the total curves is not nearly so pronounced. That these

breaks, or changes in direction, of the curves are real,

cannot/
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cannot be doubted as they occur too persistently and too regularly
to be explained away by experimental error.

The final product in the roasting of FeS, ia Fey03
but F°2(SO4)3 i1s also formed during the operation if the
temperature be too low, It is generally assumed that
the reactions involved in "burning" of pyrites are
represented by the equation

From a study of the heat balance of a Mannheim contact plant
this equation would appear to meet the case in a general way.

[}
(See McNab for figures). Some of the SO, would be oxidised

2
to SO3 so accounting for the small percentage of SO5 found
in the "burner" gases. However the reactions which take

place during the roasting operation of FeS_ must be very

2
much more complex and it is the preponderance of one reaction
over the others in certaln ranges of temperature which must
account for the various breaks in the curves,

Owing to the great experimental difficulties it is
not possible to follow all the reactions taking place.
But 1t is bossible from theoretical reasoning to arrive at
a fairly accurate account of the operation. For this
purpose a study of the equilibrium constants with varying
temperature is of great value. The van't Hoff Equation

is the form generally used, This equation is

d log K - Q@
at RT#®

To ugse this equation it 1is necessary to know one value of K
for the reaction under consideration. This is necessary for
4in the integrated form of the equation a constant appears
which it is not possible to evaluate,

By using the Nernst Heat Theorem the difficulty of the
constant can, in a great measure, be overcome, In order
to understand this theorem and to follow its application

more
/ § Tecunmican Resaros of Exmosives Sorry, 924,
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more clearly it will be advisable to show briefly its
derivation.

For the van't Hoff isotherm for liquid er solid states
the equation is of the form A =RT logK-RTZV logC
From the Clapeyron equation as applied to vapour pressure

the value of log C ean be determined

E/L0ZC - =5/de 1 H% log T 4 5V/BoTv-—-3EV0
RT R R

where A, = internal molar heat near 0° Absolute Temperature

and internal molar heat of vaporisation = A +xT +3T2+--~-
1l = constant depending upon substance
2V = algebraic sum of molecules taking part in the reaction e
VANB=T D B = - -y
AA\..
From the fundamental equation of energy charge A - Q = (H"I') we
get by a slight transformation the form__‘4_=.f% aT -+ const.,
T
=a-[Q dT where @« = a constant,
T2
undeterminable by thermodynamics. The variation of Q with

temperature can be expressed as Q= Q+«T +372+-----
where Q =heal of reaction at Absolute Zero. SubshituFing Fhis valve of @

we get A -a +4a —xlog T=QT..__.. A= Q,+aT ~« T log T~/3T3---- -
To calculate the constant "a,") Nernst assumed that in the
region of Absolute Zero = =0

: 44 - 48
so that we get dq,d =a -xlog T — 23T ---.-- =0

and 45 =K + 23T+ ~-====--~--- =0
aT
from we get &8 = o and X =0

2
HenceA=Qo-ﬁ T
and similarly QT = Qo .4+ 3T

2

Therefore substituting the Nernst equation in the van't Hoff

isochore above
RTlOg’K =-2/A° +Z/«°T(°8T .'.Z/ﬁo T2+--..- Qo‘ﬁTz\-__“f'Z/c

= (Q,~Z/A)+EAXT log T—(B-5,3,)T>..

This equation may be regarded as an expression for a gaseous

reaction carried out in the liquid or solid states,
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Equating the constants of this equation with those of

the usual isochore equation we get

@ 1sochore =(Q—Z/r\o)

- =2/
-/3 =/3+Z2 /73,
Const =ZJe = the summation of integration con-

stants of wveapour Pressure curve
which can be determined by
calculation.

Nernst further assumed ¥ = 3,5 calories so that the equation

now becomes RT Log,KP 2 Qy+3SV T logT —/3T2o--- +C
. log, K, =Q, L1'75/logT - 3T ... +C’
+STT 4-57

The values for the coefficlents used above¥,/3  etc. are
readily obtained from the specific heat values of the reattants:.

and products of any given reaction,

From Kirchoff's Law o{ Q = C, - C, where C, = initial
)T h&at cépacity o’! the system ami
and Q. = Q,+3T?2
. T o/ 02 = heat capacity of system
2 %;Q_I =2/3T after the reaction,
T

For general purposes /3 can be neglected as it is
generally of a very small order. The errors in specific heat
determinations and in heats of formation are generally more
serious than the omission of /3 etc. Also Qo can be taken as app-
tex.equal to Q at ordinary temperature.
Therefore,as & first approximation, we may adopt the. equation
l.og,o K =;%;T + 1'75/logT +Const
Nermst has calculated the value of the constant for a large
pumber of gases and for sollds it can be neglected.
The variationg of the value of the affinity value A is
often useful as a guide to how a reaction will go with change
of temperature. ' .
As already dhown A =Q -3 T
end the value of /3 can be calculated from the specific heat.

values as previously stated.
As the value for the specific heat is not always available

at/
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at constant pressure it can be calculated from the constant
volume figure and a modification of Gruneisen's éguation.

Thus C, =C, +CL Ly 00214 where T 1s the melting
Tm m temperature,

The above theorem was applied to a number of possible
equations which might possibly represent stages in the
roasting of Fe82~w1th a view to endeavouring to interpretate
the experimentally derived curves.

There‘is a certain amount of practical evidence
for assuming that on heating FeSg it 1s decomposed and S is
liverated. Therefore the first reaction to be investigated
will be Fesz\:‘ FeS + S,

Heat of formation of F082 = 29150 calories.

n " " " Fes = 24000,

Sp.Ht. of FeSa_= 1301 Molar Sp.Ht. af Const.Pressure

120 x ,1301 = 15,6
Sp.Ht. of FeS = ,1357 " 88 x ,1357 = 11.94
" 4] 1] S - 0 R 18 "

32 x 0,18 = 3,76

Q@ = - 5150 calories; .+°s 15.6 - 15,7 = 2/3T and for
T = 290 we get = -,l = - ,0002
580
and Q = Q_+ 8 12
o*. =5150 = qQ_ +(40.0002T%) - Q,=-5/50+00002T?2
o
2
and A = Q = T
(o} ﬂ 2 2
(=5150 + 0,0002T ) + 0,0002T

n

o o Affinity 1is negative but increases with temperature though
even at 400°C the affinity from left to right is not appreciably
reduced., But as the vapour pressure of the sulphur increases
rapidly with increasing temperature, so sulphur will pass out

.of the system and to preserve equilibrium more F382 will

require to be decomposed. Hence this reaction is dependent
entirely upon the vapour pressure of the sulphur, Actually

it is the partial pressure of the sulphur which is the

i mportant item but for our purpose the relation bétween the
vapour pressure of‘the sulphur and temperature will give a good

indication of the reaction.
These/
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These values have been calculated and are given below in

Table 9., and are also shown graphically in Fig.l2,

Table 9.

Temp, oC. log.p. P in m.m,
0’c -6.00 1.0 x 10°°
100°%¢ ~1.95 1,12 x 1077
200°¢ + 0,18 1.51
300°¢ 1.56 36431
400° 2,54 346,7
444°%¢ 2.88 759.0

Under the conditions of the experiments the vapour
pressure will not be quite as great but will rise in the same
order. Therefore, at about 200°C, the partial pressure
of sulphur will be quite appreciable and will rise very
rapidly with increasing temperature,

The removal of the sulphur vepour from the system will
be greatly assisted by the oxidation of the sulphur to
sulphur dioxide according to the equation

S+0, —350,+69260 calorres
G-C =316 =23T

3 =316 . I'58 - 0054 Molar heatof O, = 6-96
5T 290 :

lLe. 69260 = Q,+0 0054 (290)* - ~ 3 =609

Q, =69260-4954= 68806 ) -~ 90, =9-89

A =68806-00058T=>

Trerefore the affinity of the reaction is positive but
decreases with increasing temperature,

Also log Kp = 69260 _I'75logT —2'5 taking the valves For the constanh

4-57T Oz =2-8

502 =33

and as KP = /"SO‘ Svapour =30
PS +/’oz

therefore/
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therefore,with increasing temperature,which results in (og Ko
becoming less,the partial pressure of the 802 wlll become less
resulting in the less rapid removal of the sulphur vapour from
the system. Calculating Kp for 90000 the value obtained 1is

KP =/[]12 x|]O° This means that even at 900°C the amount of SO
2

is very high; 1in fact it must be practically 100% assuming,

of course, only 802, 0, and S present,

2

Thus if x = partial pressvre of S50,
then [-X = partsal pressure of G,
2
{=X = partial pressvre of S vapour
2 2 = [(2x10% Sox =/

This means that whengz Sr the sulphur is liberated from the

F682 it will be rapidly oxidised té SO, when the temperature

2
is such that the velocity of reaction is high.

FeS which results from the decomposition of the FeSy will
be oxidised to F°2,3'

The equation representing the reaction may be as follows:-
4FeS +70, —*»2Fe,0; +450,+472240 calories

2/{7- =(4x//-94 ’-7):696) (2X2330+4x989)M0(dVﬁea/'F03 /19 ¢

. Fe 0,=23-30
= /0-32 - G- eve
/3 =_5¥_§ = 0:0/78 " 30,2 989
Q = Q.+ 0/78T2
472240 = Q,+ 0178 x292%2

"Q, =472240~/497 = 470743

A =Q,-0/78T>
= 470743 -01787T?2
.'. the affinity of the reaction is very positive but falls off

with increasing temperature though at 900°C it 1s still very
large, namely A = 446,250..

Also log Kp = 470743 . 3 x/ 75[03 T-68 = (Psgz)‘,. ZL") where xspartial press,

4sTT °F S0
1= =partz/
For T = Q00°C = HT3°AT of o; press

logK =7086 .. Kp=94x/0"° =_x* "y =
8 P P (/_x)7 A x «’
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Consequently even at 900°C the reaction will proceed rapidly to
the right. At low temperature it will also go in the same
direction with equally great tendency but the velocity of

the reaction will drop off at very low temperaturesg,

The sulphur dioxide formed by the oxidisation of the sulphur
and the FeS will, in turn, be oxidised to sulphur trioxide,
This reaction,unlike the preceding ones,is greatly affected

by the presence of certain substances which act as accelerators
or catalysts., The reaction itself is slow, that 1s, the rate
of reaction 1s slow but this is considerably altered by
certain substances. Platinum is the most efficient

catalyst as its optimum temperature for rapid "conversion" of
the 802 to SO5 is at a temperature at which SO3 is stable in
the presence of 02. F395 1s also a catalyst in that it
accelerates the formation of SO3 but unlike Platinum it also
combines with the S0z to form ferric sulphate so that to get

the maximum yield of SO, we must have a temperature at which

3
ferric sulphate 1s slightly dissociated. All that is
necessary 1s that the SO5 ﬁressure of dissocliation be the
same as that of the So5 partial pressure in the gases. Un-
fortunately from an efficiency poilnt of view this temperature
lies above the range of maximum stability of sos.

Using the first approximation of the Nernst Heat Thexrem
the variation of the equilibrium constant with temperature
can be obtainedj}rom this the degree of dissociation of So5
at various temperatures can be calculated.

The equation of the reaction is 2802 + 02;: 250_ + 45,280

calories,
Taking Qo = 44,610 calories and using this first in the Nernst

Equation we have log,, KP = 44610 _ I75(og T-2-4
45717

also Kp = P:,o3
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Now let x = degree of dissociation of SO

3
x
then 1 - x = amount of SO , and x = amount of SO and 2 = amount
3 2 of 0_.
2
From this p,, =-_/=X = =_/=X_
3 - +* =
/-x +x > /1‘2
2 =
/+3
po = _&...X { e = 4
3 3¢
2 2 1+3 2(/ 1_5_)

Uy St Gy 2003)

(1+%)

=(l-2x+x)(1+¥F)2 = 2= 3x +3
X3 x3

= /- 2
te./y, / ih.+.x3

o o« wWhen Kp is very large the first two terms can be neglected

and we have K, = &, so that dissociation
is negligible. From the following table it will be seen
that under 400°C,K.p is very large and consequently at
temperatures below 400°C dissociation of SO3 is negligible,
The results obtained from the above equations are set

out in Table 10 and graphically in Figure 12,

Table 10.

emp Temp. log Kp. Percentage dissociation

SC. OAbsolute. 10 Kp of SO
3
29

0 273 29,14 1.38x1039 negligible,

100 373 19.27 1.86x10 "

200 A3 13.55 3.55x1013 L]

300 573 9,81 6.46x10$ "

400 673 7.16 1,45x10, 0.2%

500 ™3 5.62 4.17x107 1,0%

600 873 3.64 4.32x103 8.0%

700 973 B.,40 2,53x10 18,0%

800 1073 (1,29 1:97x101 36,0%

900 1173 0.5508 3.55 56%

The only remaining reaction which which need receive
any special consideration is that of the decomposition of
Fe (804)3. This reaction takes place according to the

2

equation
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e
Fezp5 + 380, & Fey(S0 + 128,700 calories.

4)5
The percentage decomposition of ferric sulphate or the pressure
of the SO3 formed at various temperatures can be calculated
from the Nernst equation. For the decomposition of the

sulphate the value of 1og10 Kp 1is given by the following

equation
1og10 K = =128700 + 3 % 1,75 loge T + 3 X 3.5
p T4 BT
= 3 log.P805

In Table 11 mre given the results of Kp obtained for
different values of T. From these values the pressure
and also the percentage decomposition have been computed

and are also given in the table below;-

Table 11,
Temp Temp., 1og10 K log P P p. in % de-
%c. oA,.T. p SO, S04 m.m. composi-

tion.

600 873 -8.62 3.11 .0,0013 1.0 .13
650 023 -4,44 2.52 0,033 25,2 3.3
700 973 -2,759 /.08 0,120 91.2 12.0
750 1023 =1.317 7.561 0.364 276.0 36.4
800 1073 +0,30 0,010 =1,00 =760,0 =100

At temperatures in the neighbourhood of 600°C the vapour
pressure of SO5 from the dissoclation of the ferric sulphate
is appreciable so that at a temperature of approximately
550°C 1t will begin to deéompose. At temperatures below
this latter figure ferric sulphate will be formed by the
interaction of Fe.z.o:5 and 803, so that at temperatures below
550°C the yleld of SO, will be poor.

The curve for the dissoclation of Ferric sulphate in
relationship to temperature variation is given in Figure 13,
On Figure 14 the curves which have been arrived at
theoretically are all plotted together having the temperature

axis common to all, This curve shows the fundemental changes
which/
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which €;3§ place upon heating Fe82 and that these changes have
a real practical bearing is borne out by the curves obtained from
the experimental results,

Whilst these theoretical curves permit of a very satisfaétory
qualitative examination of the experimental curves being made,
it 1is, ﬁevertheless, not possible to derive qurntitative data
from them, These curves give the equilibrium conditlons as,
temperature varies but say nothing on the very important
subject of the rate of the reactions at the varying temperatures,
For example in the reaction 2802402 = 2505 the conditions
for So:5 formation are very suitable at low temperatures
according to the data arrived at, yet it is well known in
practice that at temperatures below $00°C very little 80,
is formed even under the best oonditions, Moreover even at
400°C the amount of SO3 would be small 1f an accelerator,
such as Pt-black, were not adopted in practice.

The probable curves for 802 and SO5 have been drawn in

Fig.14 from a consideration of the calculated data, For
the S0, curve the portion AB will follow in a general way
the dissoclation curve for Fesz. Assuming that the FeS readily
oxidised‘to S0 - the rate of this reaction will increase
wikt h temperature, so that slope of curve will be greater than
shown - and that no secondary reactionsoccur this curve would
continue as a smooth curve until the system contained only
S0, and F°2°5' However at a temperature around 350°¢
the S0, curve will change direction and the quantity of SO

2
being formed will cease to increase, This is due to the

2

2
BC, SO:5 will be formed in large quantity. But at C the

oxidation of SO_ to SOS. Over the portion of the curve

curve will commence to rise again due to the fact that sbout

450°C the stability of SO; begins to decrease in a marked
manner and as the temperature increases the rate of formation
of SO5 decreases fgster and faster, Consequently over the
portion of the curve CD, the 802 content increases, because

the ?0 from the oxidation of the FeS will become more snd
more
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more stable with increasing temperature. ‘The exact temperature

at which all the FeS2 willl be oxidised to F6205

sulphur is difficult to fix, but it will be in the neighbourhood

and oxides of

of 550°C., This temperature will vary with the size of the
pyrites pieces but, in the 1limit, will approach this figure,
This is borne out in the experimental curves and 1s further
substantiated by practice, in that, in sulphatising roasting of
copper ores, the maximum optimum temperature is found to be
about 650°C, this latter temperature being high enough to
obtain a large amount of the iron in the state of F0203;

that 1s,it has all been converted to sulphate and then
decomposed. In the theoretical case - if 550°C be the
temperature at which all FeS, 1s oxidised - there will be a
slight drop in the curve as shown in portion DE. At E the
curve will again commence to rise but not so steeply as
Hrmerly. This increase in the S0, content comes from the
decomposition of the ferric sulphate. At 600°C this
decomposition is just becoming appreciable and the SOz formed
will, to a very large extent, be decomposed glving rise to 802.
Theoretically at a temperature of 800°c ferric sulphate will
completely decompose so that above thls temperature the S0Og
content should rapidly fall off, The exact temperature

of the beginning of this fall and at which there will be no

SO present will vary with the size of the particles. Further
aszit is not pure oxygen but air which 1s used in the
experiments, and also in practice, this point will be further
modified by the partial pressure of the nitrogen. The
portion of the curve EFZ shows the change due to the
decomposition of the ferric sulphate, The theoretical

curve for the So3 content of the gases can be similarly
arrived at., At temperatures below 300°C there will be
practically no So..5 in the system. At this temperature S0z

will begin to be formed and will increase in amount at an

increasing/
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increasing rate as the temperature approaches 40000. But as the

803 is increasing so also is the amount of Fe Oz in the system

2
increasing. The Fe, 0, combines with the SO‘,5 £o form Fez(so4)3

273
but exactly at what temperature thils reaction begins to be
really important, it is difficult to say. It is safe to say
that at 400°C the rate of reaction is becoming quite
appreciable so that from about this temperature up to a
temperature of 600°C,at which temperature the dissociation
of ferric sulphate sets in,there is practically no increase
of the SO'.5 content of the system. Practically all the SO:5
which if formed goes into combination with the F°2D5° The
portion of the SOS curve,marked OF, shows the increase in S0,
and that marked PQ, the range over which the SOz is going
to ferric sulphate. At Q, the SO5 content increases due
to the dissoclation of the sulphate. This amount will
increase with temperature as the rate of dissociattn with
increasing temperature is greater than the rate of dissociation of
the trioxide of sulphur. At sbout 800 C the smount of 50,
in the system should commence to fallew off but,as explained
previousiy;thé exact location of this point‘of decrease in

S0_, 1is difficult to fix precisely.

1
° A comparison of the actual curves obtained by experiment
with the curveson Fig.lh is of interest. In Figure 4 an
average type of curve ls depicted. The condiions were
the rate of air supply, about 1/20 cubic feet of air
per minute and the ore size, 20-50 mesh. Unfortunately in
this series of experiments 4oo°c was the lowest temperature at
which tests were made. The SO, curveshows a flat portion
from B to C between the temperaturea 400°C and 500°C. This
corresponds with the range of S0 formation. At C the
curve rises rapidly to D at 55000. There 1is no fall from

D to E but the curve is practically flat. From E at 600°C
to F at 800°C the curve rises fairly steeply and at E it

falls/
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falls again, The curve for So3 also conforms tothe
o
deduced curve in that it remains flat from 400 C to 60000

showing that the S0, formed is going to ferric sulphate

3
formation. At 600°C the slope of the curve gradually
increases becoming greater with increasing temperature,

There 1s no decrease in the rate of 50z formation up to

900°C indicating that the amount of ferric sulphate
undergoing dissoclation is still sufficiently great to

cause an increase of the SO; content, although not sufficient
to maintain the high percentage of the SO2 content.

The effect of the slize of the ore particles upon the
roasting is shown in Figs.5, 6, &nd 7. In the experiments
upon which these curves are based the rate of flow of air
into the apparatus was kept constant, In Fig.5 the results
for pleces of ore 1/8" in size are given. The S0, curve
again follows the general type but as the size of the
particles 1s relatively large,roasting would not take place
uniformly throughout the pleces. Therefore, as would be
expected, the changes are not so marked as equilibrium
conditions are not striectly maintained, The portion BC is
not so flat as in the previous case and the point C is
not clearly marked, Also the point D at 500°C - the point
of completion of roasting - 1is also indistinctly marked
whilst at F the curve does not fall but simply changes its
direction, rising more slowly. The SO3 curve continues
along the zero line to 400°C showing that the little S04
vwhich has been formed from B to C has been sufficient only to
satisfy the sulphate formation reaction. Between 400°C
and 45000 more SO5 than is required by the former reaction
is available and so free SO:5 appears in the system. From
P to Q that is from 450°C to 650°C the SO3 concentration

remains constant but at 650°C it begins to increase and

incereases with rising temperature due to the dissociation

of/
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of the Fdrric sulphate.

In Figure 6, the results of experiments carried
ou- on ore of 10 mesh are recorded. In this case
equilibrium conditions appear to be much more closely
approached, The SO. curve shows all the characteristic

2
portions. AB is due to 802 formation and increases
with temperature, At B the curve rounds into the
flat part BC from 350°C to 450°C which is the range of
oxidation of 802 to SOS. At D 55000, after the rapid
rise CD the curve changes its slope and the rate of
SO2 formation being much less rapid and arising from
the decompositibn of the Ferric sulphate. At SOOOC
the curve ceases to rise, gradually falling away,

The S0, eurve starts sat 250°C and rises more gradually

3
up to the point P at 400°C thus indicating the gradually
increasing SO3 content of the system, the aount

being more than required for sulphate formation between
250°C and 400°C. From 400 C to 550°C the curve is
similar to those derived from the previous experiments,
At 55000 the curve commences to rise this being lower
than in the earlier experiments but nevertheless in
good agreement with the theoretical curve, Moreover

at 800°C the slope of the curve becomes less, indicating
a falling-off of the SO3 formation, arising from the
dissociation of the sulphate and is thus more in
accordancé with complete equilibrium.

Figure 7 shows the results in graphical form for
ore of 100 mesh. In this Case, due to the fine state
of division of the ore eqﬁilibrium conditions were
very closely approached. The changes of direction in
the curves are mich more gradual as would be expected

in true equilibrium conditions. For the SO_ curve

2
the slope 1s steep over the range of temperature

o
from 150 C to 350°C but after 250°¢ 1t gradually becomes
less/
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less steep as the amount of So2 converted to SO3
increases. This continues up to a temperature of
400°C after which the amount of 50, in the system again
increases as the optimum temperature of SO3 formation
is passed. . At 500°C the rate of 802 formation falls
off because, as previously assumed, all the pyrites is
oxidised. From 500°C to 750 C the smount of 50, goes
on increasing but not at the same rate as from 40000
to 500°C. From 800°C the concentration of the SO,
in the system gradually falls off decreasing rapidly
with increasing temperature, Similarly the SO3
curve follows equilibrium conditions very closely.
The formation of SO3 begins to show at about 250°¢
and gradually increases with temperature. From 400°C
to 800°C the rate of SO3 formation just keeps pace with
the rate of ferric sulphate formation but at 550° c
the sulphate begins to dissoclate and the curve of the
SO5 concentration gradually increases and becomes
steeper with increasing temperature, At 800°C.the
curve shows a sudden change of direction and the SO5
in the system ceases to increase. This is what was
expected from the calculated data. In this curve, there-
fore, the slze of ore and rate of flow of the gases
are practically correct to give equilibrium conditions,

In F4gures 8, 9 and 10 the effect of varying the
rate of flow of gases through the system, whilst the
size of ore was kept constant, 1s shown. In Figure 8
the air was passed into the system at the rate of 1/10 cubic
foot per minute, the size of the ore being 30 mesh,
The 802 curve 1s practically one smooth curve from the
sbart at 300°C to 700°C. Then from 800°C upwards the
curve falls again. The SO_, curve also shows a different

3
type of curve rising continuously from 30000 to 55000,

changing direction and rising again to 800°C,at which
point/



péint there is another point of inflection in the curve,

It 1s to be noted that the concentration of SO, was very

2
low at the lower temperatures, whilst the concentration

of SO3 increased over a much larger range of temperature,
]
The gas concentrations were favourable for a large amount

2
But while the conditions were good for the gaseous reaction

of conversion of the SO_. to So'3 at the optimum temperatures.

the speed of the gases appears to have been too high to
allow of the best conditions being established between the
solid and gaseous states, This is also noticeable at 800°¢C

for whilst the SO, is falling rapidly, the SO5 is still

2
rising quite rapidly in concentration. This means that
dissoclation was still quite active above BOOOC and that
equlilibrium was not established but the rate of dissociation
was not fast enough to keep up to 802 concentration of the
gases,

In Fjgure 9 with the gas passing at 1/20 of a cubic foot
per minute, the curve returns to the more general fomm,
For the 802 curve the form is similar to that already
discussed with the exception of a marked break at 65000
in the direction of the curve, It 1s difficult to account
for this break and also the one at 550°C, As the 55000
has persisted throughout all the curves, it seems well
established. The break at 65000 would appear to be
connected with the dissoeiation of the ferric sulphate
in this case. It may be that the 65000 marks the end of
the pyrites oxidation in this particular case and that
the 550°C point may be due to some slight experimental
error. With this exception the curve is normal,
The So5 curve is quite typical of the earlier cases,

The results of increasing the rate of flow of air into
the apparatus are shown in Figure 10, The SO_ curve 1is

2
again in good agreement with the previous experiments, The

o
550 C 1is very clearly marked in this series of experiments,
The/ .
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The decrease in the So2 concentration from 550°C to
600°C and the sharp change in the curve at the latter
temperature due to the 50, coming from the dissoclation
of the sulphate point to the faet that in this region
the oxidation of the pyrites completed itself, The SO
concentration curve is normal, The rate of flow seemeﬁ
to allow of equilibrium in ths heterogeneous system of
gas and solid being approximated to.

In Figures 15 and 16 are shown the variation of
the percentage conversion of SO

2
the different sizes of ore and the different rates of

to SO0 in the gases for
3

flow of gasés in the system respectively. It is to be
noted that whilst the size of the ore'did not affect the
maximum percentage conversion to an appreciable extent,
yet with the finer particles of ore conversion took place
at a much lower temperature, On the other hand the
concentration of the air affects the amount of conversion
very appreclably. For high concentration of air very
much better conversion is possible. This 1s what theory
would lead us to anticipate for’from the law of Mass
Action,the greater the partial pressure of the oxygen, the
greater will be the amount of So3 formed. By writing the

ordinary equation in the fom PSO; KV PO
PSOg 27

thisis readily observed.

In the Mannheim Contact Plant the oxide shaft which
carries the iron oxide catalyst is situated adjacent to
the pyrites burners, It is packed to a depth of about
7' 6" with approximately 2" lumps of Fey0, ("burnt ore").
To obtaein the best results in the oxide shaft, running with
as high an oxygen content as possible would form the
best practice.. Actual variatioms of gas concentration
on conversion in the oxide shaft have not been studied in

practice. In ordinary practice all air is drawn through

the/
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)

the burners so that it is not feasible to run with too
high an D2 concentration. In general practice the
S0, content of the burner gas is about 6 to 7%. This
point is worthy of investigafionAas in good practice
about 33% is the amount of wonversion obtainable, It
might be possible to obtain considerably over 40% with
correct concentrations of SO2 and 02.

Another very important point which is brought out in
the foregoing experiments is the importance of temperature
in the formation and dissociation of ferric sulphate.

That the function of the iron oxide is not truly chemical
in its nature has been shown by the work of Keppeler and
D'Ans (Zeit Angew. Chem. 1908, 21 and Zelt physik Chem,
1908, 62.). . Their work undoubtedly shows that the
trioxidgfas first formed and then combines with the oxide ef tTon,
so that the physical state of the surface is of great
importance. Nevertheless the temperature conditions must
be correct for the formation and dissociation of the ferric
sulphate. TRheoretically what is necessary 1s,that the
partial pressure of the SO5 in the gas is equal to the
dissociation tension of the ferric sulphate. If the
temperature fall below that required to give the correct

dissociation pressure of the SO_ ,then the gas will be

3)
absorbed by the ferric oxide to form ferric sulphate.
Mpreover, as 1s seen from the curves, if the SO,
concentration is increased, a higher temperature is
required to bring about a corfesponding amount of ferric
sulphate dissociation (Compare Figures 5 and 73, the -
variation in the size of particles could not alter the
temperature of dissociation of ferric sulphate) . This
point of temperature control of the oxide shaft does not

receive enough attention in practice. In practice I found

that a temperature of 620°C in the middle of the oxide

shaft gave better results than one of 590°C on a 6 to 7%

S0/
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802 content of burner gas,

No light is shed upon the question of whether increased

surface will increase the percentage conversion. It 1is
.probable that the physical state of the surface is of much
more importance than mere area 6f surface, as is the case
with the platinum contact.

Wher; sulphatising roasting is the object in view,
then the temperature must not exceed 60000 if ferric
sulphate is wanted, But if the iron is desired in the
state of oxide as is the case &% certain sulphatising
roasting operations, then a temperature in excessof this

figure 1s required,
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Table I.
Vol, of Vol. of : .

Temp. N/10 Na 5,9, Wt of SO, Vol of SO_ N/10 NaOH Wt of SO, Vol.of

Ce cCcs. gms., . cces, 2 ccs, gms., GCSe
400 25.3 0.079 27.6 56 48 0.030 8440
480 26.0 0.080 27.9 57.5 0,030 8440
500 24.8 0,081 28.3 574 0,031 8465
550 20,0 0,096 3345 67.8 0,031 8465
600 19.8 0,097 3349 68.4 0,032 8493
650 17.2 0,105 36417 736 0.032 8493
700 16.4 0.107 3744 75.2 0,032 8.93
750 15.0 0.112 39.2 7843 0.033 9.20
800 10.3 0.127 44.8 90,0 0.043 12,00
850 11.7 0.123 43.0 88,9 0.049 13,60

900 11,7 0,123 43,0 89,7 0.061 16,75
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TABLE II.

Vol.,of gas Vol. of Vol.of % SO_ % 80, % Conversion Temperature

asptzzzfd. SO2 SOI5 2 ofsgoz to of ggrnace.
cc8e cecs, 3 ¢
500 27,6 8,40 5,15 1.56 23.4 400
500 27.9 8,40 5,20 1.56 23,2 450
500 2843 8,65 5,27 1.60 23.4 500
500 3345 8.65 6,18 1.59 20,5 550
500 3349 | 8,93 6.24 1.64 20,8 | 600
500 3647 8493 6.74 1.64 19.6 650
500 37.4 8493 6.85 1.63 19.3 700
500 39.2 9,20 7.15 1.68 - 19.0 750
500 44,8 12,00 8.05 2,16 21,2 800
500 43,0 13.60 7.74 2.45 24,0 850

500 43,0 16.75 7.70 3.00 28,1 900



Vol,.of gas
axpirated

CCSe

500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500

Vol.of
SO
cgs .

14,3
15,7
18,5
19,1
19,7
20,6
23.2
25.8
26,0
29.75
32,3
33.1
38,7
41,.4
42,1
43,7

TABLE III.

Vol;of
SO
ccd.

frace
Trace
Trace
Trace
Trace
Trace
6.1
6.2
6.2
6.2
6.1
6.5
9.3
9,9
11.7
13.6

%302

2,79
3.14
3.70
3.82
3.94
4.12
4.80
4.85
4,90
5.32
6.00
6.15
7.06
7.50
7.62
7.84

%so3

1.13
1.17
1.17
1.16
1.13
1.20
1,70
1.80
2,12
2.44

gdConversion

802 to SO

21

19.4
19.3
17,3
15,9
16.4
19.4
19.3
21.8
25.8

3
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Temp. of
fyrnace.
Ce
150
200
250
300
350
400
450
500
550
600
650
700
750
800.
850
900
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TABLE IV,

Vol. of gas Vol,of VOL.of %802 %SO5 % Conversion Temp. of
asplrated, S0 SO S0, to SO Furnace,
ces., ceS. cosd 3 oc.
500 18,6 Trace 3. 59 - - 150
500 19.2 Trace 3.70 - - 200
500 23.7 Trace 4,42 - - 250
500 25,1 5.8 4,66 1.09 18.8 300
500 26.8 6.7 5,04 l.26 20,0 350
500 26.9 7.9 5.05 1.48 22.8 400
500 27,2 8.2 5,07 1.53 23,2 450
500 2%.75 843 5,17 1.55 23.0 500
500 34,2 8.7 6,30 1,60 20,2 550
500 34,7 9.1 6.40 1.68 20,8 600
500 3643 g.1 6,66 1.67 20,0 650
500 " 37.8 10.4 6,90 1,90 19,6 700
500 40,7 12,3 7.36 a.22 23.2 750
500 46,1 15.7 8.23 2.80 25,4 800
500 46,6 17.8 8.28 3.16 27.7 850

500 46.4 19.1 8.20 3.2 29,2 900



Vol.of gas
aspirated.

500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500

Vol. of
802
ccs.
21.3
22,6
27,56
28,50
29,10
29,80
32,0
38.2
41.0
43,0
47,2
48,9
49,4
49,0
47,8
44,2

TABLE V.,
Vol.of % SO
S0z 2
cca,
Trace 4.10
Trace 4.30
6.4 5,10
7.1 5,32
7e6  5.43
8.1 5,54
8.2 5,91
8.3 7.00
8:3  7.47
8.9 7.80
11,7 8.45
13.1 8,70
15,2 8,75
17.2 8,67
17.4 8.47
17.4 7.87

% sos

1.20
1,33
1.42
1.50
1.51
1.52
1.515
1.61
2.10
2,33
2,70
3,02
3.08
3.09

% Conversion
S0, to SO

2

18.9
20,0
20,7
21,1
20,4
18,3
16,9
7.2
19,9
21,2
23.5
26,0
26,7
28,7

3
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Temp. of
F%rnace.
Coe
150
200
250
300
350
400
450
500
550
600
650
700
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TABLE VI,

Vol.of gas Vol.of vol.of % SO % S0, 9% Conversion Temp.of

aspirated, Sggs SO5 2 S S0, to SO:5 ggrnace.

. CCSe .
750 6.98 Trace 0,92 - - 300
750 8425 5.4 1,08 0,71 3946 350
720 8.93 6.2  1.21 0,84 41,0 400
690 11,92 8.28 1,68 1,16 41,0 450
525 11.70 7.09 2,16 1,30 37.8 500
486 14,10 7.98 2,78 1,57 3642 550
473 18,70 7.66 3,77 1,54 29,2 600
492 21,80 9,00 4,17 1,72 29.2 650
388 28,90 7.15 6,88 1,69 19.8 700
382 29,10 8430 6,95 1,98 22,2 750
314 23,90 9,00 6.89 2,60 27.4 800
300 20.4 9.45 6.20 2,87 51.6 850

290 19,2 9.92 8,02 3.11 34,1 900



Vol.of gas Vol.of

aspirated,

ccs,
720
700
675
660
610
578
523
| 494
481
436
387
298
268

S0,
ccSs.

16.9
2647
3648
3643
34,1

3847
35.6
3846
38.9
3646
3445
26,2
23.3

TABLE VII,

Vol.of
S04
ccs.
Trace
Trace
10,8
11,2
11.0‘
10.4
9,95
9.4
9,38
9.15
8.9
7+95
8436

% S0

2,3

3.68
5,10
5.13
5,21
616
6427
7.12
7.35
7.6

8,68
7.98
7.79

2

9q S0,

1.49
1.58
1,68
1.66
1,75
1,74
1.77
1,90
2,06
2.42
2,79

% Conversion
S0p to SO,

22,7
23,6
24,4
21.2
21.8
19.6
19,4
20,0
20,5
2343
26.4

35,

Temp.of

fugg?ce.
300
350
400
450
500
550
600
650
700
750
800
850
000



TABLE VIII.

Vol.of gas Vol.of Vol.of % S0 % SO % Conversion Temp, of

asgzgfted. cci?z cc§?5 2 3 802 to SO5 Fgg?ace.
480 14,9 Trace - 3.02 - - 300
472 21,35 Trace 4,35 = - 350
4170 27,7 Trace 5,58 - - 400
420 25,6 3.78 5,70 0.84 12,9 450
390 24,4 4,13 5,83 0,99 14.5 500
375 28,3 4,10 6.95 1,00 12,7 550
312 23.1 4.47 6.81 1.32 16,4 600
295 23.3 4,28 7.23 1,32 15,6 650
234 19,4 3.40 7455 1.32 15,0 700
196 17.1 3450 7.87 1.62 17.0 750
150 13.6 2,88 8.1%7 1,73 17.5 800
112 10.1 2.33 8,10 1.87 18,7 850

86 7.74 2.20 8,06 2,40 22,0 900
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A Study of the Effect of High Temperature upon the

Constitutlon of Steel.

The wide variation in the results obtained by different
workers in the fields of mechanical and physical testing of
heat-treated steels is well known. In many cases these
differences can be accounted for by the variations in the
treatment. In lmpact test figures, especially of the low
carbon steels, the figures obtalned show this in a very marked
manner. Knowing how difficult it is to heat-treat the low
carbon steels and so bring about much change in their constit-
ution, and 1f heating above the Az line brings about homogenelty
of structure, 1t is most difficult to account for these wide
variations in the figures obtalned unless on the probable
grounds of grain size.

With a view to throwing some 1light upon the very great
inconseistencies of the figures obtained from the impact tests
e series of experiments was designed. 1In drawing up the scheme
of work, particular care was given to the heat treatment so
that as wide a varlety of structures as possible might be
obtainedes By such a scheme it was hoped to be able to correlate
impact value with micro=structure.

Three steels of varying oargggfazd low in manganese were
selected. The steels were of crucible manufacture and in the
form of rolled bars, one inch in diameter. The analyses of the

steels are given in Table I.

Table I.
Sapgple No. Carbon. Manganese. Sulzgu;. Phosphorus. Silicon.
A. 0.22 0.08 0.03 0.03 0.15
B. 0.48 0.18 0.03 0.03 0.11
Ce 0.71 0.15 © 0.03 0.03 0.10

The barse were cut into five-inch lengths and heat treated
before machining. The test plece was of the usual Izod form,
10 mem. square, with a 45 degree notch, 2 mem. deep and a
radius/ |
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radius at the bottom of the V of 0.25 m.m.

The treatments at 1100°C. were carried out in a large
gas=-fired Richmond furnace and the specimens were packed in
bone ash in an iron box to minimise oxidation. The temperature
of the furnace was measured by means of a Cambridge optical
pi@meter. All other treatments were carried out in sllica
tube electric furnaces of the resistance type, and the temper-
ature was measured by means of a Platinum, Platinum=-Iridium
thermocouple and indicator, the couple having been standardised

before use. The heat treatment given'to the individual bars

is shown 1in Table II.

Table II.
No.of sample.

Al )

BlL ) All soaked at 1100°C. for 3 hours and then allowed

c1 ) to cool very slowly in the furnace.

A2 Treated as above; then re-heated to 780°C. for 20
minutes and cooled in the furnace.

B2 Treated as above, then re-heated to 730°C. for 20
minutes and cooled in the furnace.

ce Treated as above, then re-heated to 710°C. for 20
minutes and cooled in the furnsace.

A3 )

B3 ) All soaked at 1100°C. for 3 hrs. as above specimens;

c3 ) then tempered at 850°C. for 12 hours.

A4 0il-hardened from 870°C. and tempered at 850°C.
for half an hour. o

B4 Oil-hardened from 810°C. and tempered at 8500C.
for half an hour.

Cé Oil-hardened from 770°C. and tempered at 650°C.
for half an houre.

A5 0il-hardened from 870°C. and tempered at 8500C.
for 12 hours.

BS Oil-hardened from 810°C. and tempered at 850°C.
for 12 hours.

c5 Oil-hardened from 770°C. and tempered at 850°C.

for 12 hours.

The. treatments fell into two wide groups; one in which
the steels after soaking for 3 hours at 1100°C. were slowly
cpoled and then, either tested in that state, or re-heated to
20°C. below the upper ofttical point for 20 minutes or to 6850°C.
for 12 hours; the second group in which the steels were oil-
hardened from 50°C. above the upper critical point and tempered

either at 6600C. for 3 an hour or at 850°C. for 12 hours. The
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critical pointe of the steels were determined from cooling

curves.
!able I1l.
Sample Treatment.
No. l. 2o ﬁrAI!n"¥%§29° Micro-structure.
(o XY
Al Soaked at 6% 53 6% 8 1. Ferrite graine with
; 11009C. for Pearlite at the
3 hrs and boundaries.
Bl ; furnace 33 2% 43 3% 2. Large Pearlite grains
) cooled. and massive ferrite at
the boundaries.
cl g 1 3 1 1 3. Lammelar Pearlite in large
) graine, with massive
) ferrite at the boundaries.
A2 ) Soaked at 10 10 10 10 - Very similar to No. 1l.
) 1100°C.for
) 3 hours.
B2 ) Reheated 2 1% 1% 2 4. Coarse structure, ferritoe
) to 20%. boundaries not absorbed.
) below Arg
) for 20
) minutes.
ce ) 8% 7% 53 6% - Similar to micro.4 but
) more pearlite.
A3 g Soaked at 11 % 9 10 - Similar to micro.l.
1100°C.for
) 3 hours;
B3 g Tempered 2t 1% 13 2 - Similar to micro.2.
850“C. for
) 12 hours.
Cc3 ) 54 5 4% 6 - Similar to micro.3.
A4 ) Oogcfrcm 89 90 - 90 6. Ferrite grains with weéll-
g 507Ce above distributed pearlite.
AG=4
B4 ) 'reg ered 10 214 19 20 8. Well distributed ferrite
) 850°C. for and pearlite in small
) 30 minutes. grains.
c4 ) 8% 8% 7% 8 Ve Finely distributed ferrite
) and pearlite.
AB ; O«Hefrom 96 96 98 98 - Similar to micro.5.
- 8500C.above '
) Acs;
B& ; Tempered 18 16 14 16 - Similar to micro.s.
8509C.for
) 12 hours.
c& ) 8k 8%11% o - Similar to micro.7.

The results obtained from the impact tests and from micro-

examination are stated in tabular form in table III. The average

impact figure 1s the average of the three results obtained for

each specimen. 1In all cases the agreement between the three

results was remarkably close. The impact results are also

represented graphically in figure 1.
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‘The outstanding feature of the results is the marked groups
into which they fall and these groups appear to depend only upon
the initlal treatment. Those steels which were soaked at 1100°C.
and slowly cooled continued to give low lmpact values even after
tempering for 12 hours at 860°C., and, still more remarkable,
even after heating to within 20°C. of the upper critical point.
On the other hand the steels which were faken just above the
change point gave good results and tempering for a long time dia
not improve their value. It is worthy of note that the results
obtained by Dr Hatfleld for a series of carbon steels normélieed
from 50°C. above the upper critical point gave almost identical
results to those obtained in the above table for dil-hardeninge.
(See Journe«I. & Se.Inste Weof Scot.VoleXXVIII Pte5)s It is further
to be noted that as the carbon content increases the difference
between the two groups becomes less. Thie is not surprising as
the quantity of carbide of iron being high only very small impact
figures can be expected.

The wide difference between the results of the low carbon
steel in the two groupe could not be attributed to difference in
grain size. Thls can be seen by comparing photo-micrographs 1
and 6. On careful examination 1t was observed that in the low
carbon steels which had been heated to 1100°C., the pearlite was
somewhat divorced and that many of the grains were surrounded,
or partly surrounded, by a film of carbide of iron. In photo-
micrograph No.8 is shown one of these carbide films. »

The effect of high temperature 1s still further exemplified
in the case of steel castings. These, owing to the slow rate of
cooling, develop the effect of the high temperature in a marked
degree and in an impact test give about 3 ft. 1lbs as an average
value. Heating such a casting of 0.279C. content to 900°C. and
cooling ln the furnace gave a value of 8.5 ft. 1bs whilst heating
a second time to 900°C. and cooling in air gave 27 ft. 1lbs. The
effect of the double annealing has been to break down the carbide

films, two treatments accomplishing thie more effectively than one.
This/
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This is clearly shown in photomicrographs Nos. ¢, 10, 1ll.

That the separation of a film of iron carbide at the
grain boundaries may be of far-reaching industrial
importance was revealed by the examinstion of some boiler
plate failures, A number of these showed distinct
boundaries of iron carbide round the grains. Figure 12
shows one typical case, its carbon content being 0,187
carbon, and the sulphur phosphorus and manganese normal,

The next problem was to investigate the formation of
these boundary films, Do they form at high temperatures
or do they separate when passing through the Avl point?
From the impact results,in relation to thelr treatment it
would appear most probable, that they are formed at
elevated temperatures, |

Three specimens were cut off the same base as those
uged for the impact experiments. The specimens were
approximately %" in thickness, These were put into a
double tube electric resistance furnace, the inner tube
of whieh waé of Royal Berlin Poreelain, One end of the
furnace was connected to a T8pler pump. To the other
end was attached a closed glass vessel containing iodine,
there being a glass stop-cock between the vessel and the
furnace, The specimens were placed in the centre of the
furnace and the tube evacuated. The furnace was heated
to 1100°C, the temperature being measured by a thermo-
souple, and maintained at this temperature for six hours,
a high vacuum being maintained throughout the experiment,
The vessel containing the iodine was warmed,~all air was
displaced by iodine vapour before coupling to the furnace —
then the stop-cock was opened and the iodine allowed to
pass into the furnace. The specimens were immediately
quenched in water. In the first attempts the iodine
etching/
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etching was overdone but latterly good results were attained,
Figs.1l3 and 14 show the results obtained for the steels
containing 0,22%C and 0.48%C respectively. The high
temperature configuration is clearly marked.

Without in any way interfering with the etching,
these specimens were replaced in the cold furnace, The
furnace was again evaduated and then heated to 65000.

This temperature was maintained for four hours and the
specimens cooled in the furnace, Photomicrographs Nos.

15 and 16 show the results obtained. In Fig.l5 the
recrystallisation is clearly seen.l It 1is also to be

noted that in the black portions designating the high
temperature boundaries the carbide is dilstinctly segregated,
It is balled up to a certain extent but this no doubt has
arisen from the rather prolonged soaking. The reason for
the prolpnged tempering was that in some other experiments
on the same steels it was found difficult to get the carbide
to separate in short periods of tempering. In Fig,.1l6

there is also evidence of carbide at the original boundaries
but it 1is very much less evident and is much more distributed
throughout the mass., In photomicrograph No.l1l7 is shown

the result obtained by heating a piéce of the 0,22% C. steel
in a crucible, packed in lime and having the 1id luted on.
The specimén was heated to 1050°C for 3 hours, and then
slowly cooled in air, Before being polished the specimen
was cut into two portions and the cut face of one plece was
used for micro examination. Again the carbide boundaries
are very clearly marked,

Repeating the above experiment with a piece of the 0,487 ¢
steel produced a most remarkable structure as shown in
photomicrograph No.1l8. The micro has the appearance of
a 0,71% C. steel and it was thought that a mistake in the

spscimen treated had been made, Aﬁ enalysis of
drillings/ v some
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drillings taken from the specimen showed it to be 0,48%C
carbon. Another specimen of the same steel was heated in

a similar manner but on this occasion it was soaked at

105000 for 15 minutes, The micrographical appearance

of this specimen was very different from the previous
specimen, In this case the speclimen appeared pAtchy,

some parts appearing as in Figure 18, but in others a

large amount of ferrite and coarse pearlite appeared.

Fig.l9 shows a typical field of the specimen. These
experiments appear to be substantial proof of the statement
made by Andrew and his collaborators (Journ. of Iron and
Steel Inst., 1920, No.l.) to explain the dilatation curves

of the carbon steelsn. In the case in point, by subjecting
the 0.48% C steel to a prolonged soaking at 1050°C all

the iron carbide has become dissoclated, whereas on heating
for a shorter period, the dissociation has not been complete,
Upon cooling in the first ﬁi::e the carbide particles which
separate do not have time to coalesce into large colonies of
massive cementite whereas in the second case where dissociation
and diffusion have not been coﬁpleted, more massive cementite
océurs. The dissociation can be written in the form of

an equation

(F35C) = x Fesc. where x 1is most probably

equal to 4, this ?igure being supported by theoretical
calculation and by X-ray analysis,

Further evidence in favour of the view of the
dissociation was obtained from thermal analysis. A specimen
of the 0,22%C steel was heated to 880°C and the cooling
curve was determined ﬁsing a platinum, platinum-iridium
thermocpuple and 4 Tinsley Potentiometer, The Avs
and A’l points occurred at 830°C and 700°C respec tively.

o
The same specimen was heated to 1000 C and maintained at

this temperature for two hours, The cooling curve was

determined/
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determined as before but this time A!l ppint occurred
at 82500 whereas the Avs point occurred at 700°C as
formerly. Both curves were repeated a second time,
The curves are shown in Fig.2. In this case the
prolonged at 1000°C has caused complete dissoclation and
diffusion of the carbide and this finely dispersed carbide
hes lowered the initial change point by 5°C.
The formation of the cementite layer at the boundary
of the high temperature crystals would appear to depend
upom the dissocliation of the carbide molecules and then
the migration of the dissociated molecules to the boundaries,
Actually it would not be necessary for the molecule FeSC
to move as a whole to the boundary but merely for the
carbon atom to change its position. It 1s the general
opinion, at present, that the carbon atom 1is outside of
the lattice of the iron atoms but ad Andrew has shown
(Journ, Royal Technical College, Vol.2,) it may very
possibly be attached to the corner atoms, a view also
shared by Foley (Trans. Amer, Inst. Min. Eng. Oct. 1925.)
Langmuir has suggested that in a crystalline element
such as, for instance, a metal, the surface tends to adsordb
a layer of gas one atom or one molecule. thick. This
surface adsorption is due to the fact that every crystalline
substance possesses & particular space lattice arrangement
of the atoms within the crystal. If 1t 1is 1magihed th#t
a large number of crystals belonging to the cubic system
are joined together, the atoms within the centre 6f the mass
will be bound together by chemical bonds or valencies to
the atoms equidistant from it in the cube. At the surface,
however, the outer layer being missing, the surface atoms

wlll possess a certain number of free valencies and will,

therefore, attract to themselves any foreign surrounding

atoms,
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According to the Langmuir method of regarding chemilcal
combination, Iron carblde, FezC, should have two free
valencies per molecule, or in other words, it will have
two electrons too few to complete the outer ring of
electrons. Moreover the face-centred lattice of iron can
be considered as two interpenetrating cube lattlces and in
the 1limit we shall have one 1solated cube in which each atom
will have one quarter of its valencles unsaturated by other
atoms. It seems most probable, therefore, that the dissoc-
iated molecules of iron carbide, or the carbon atom és such,
will tend to migrate to the free surfaces of the iron crystals,
forming a layer of carbide of ironm.

The data for the special steels also support this view.
According to Langmuir, nickel is saturated with regard to
ite electronic configuration, and will thus possess no free
valencies. It will consequently show no tendency to migrate
to the crystal boundaries, and should, therefore, not inter-
fere with the carbide segregation, excepting in so much, as
it will probably alter the conditions of diffusion. This 1is
actually so, nickel steels behaving more or less llke carbon
steels.

Chromium, on the other hand, possesses four free valencies,
and will therefore tend to migrate to the grain boundaries
even more than the carblde of iron. It is moet probable that
the double carbide of chromium and iron breaks down above the
ocritical point into iron carbide and free chromium. That this
is s0 18 evident upon taking the heating curve of a quenched
chromium steel. An enormous evolution of heat 1s obeerved
(at about 8500C.), this being undoubtedly due to the formation
of the chromlum carblde on tempering, the quenched steel con-
taining the chromium, as such, in solution. The analytical
work of Andrew and Hyman (Journ. of W.of Scot.Iron and Steel
Institute Vol. XXXI) gives further support to this view. A

corollary, which, of neceselty, arises from this view, 18 that,
it/
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if sufficient chromium be added to the steel then, by sultable
heat treatment, each grain can be surrounded by a thin layer
of chromium and so give to the steel the passive qualities

of chromiume. Thus the rustless property of the 12 per cent.
chromium steels can be explained upon thie view.

Another method of viewing the formation of the carblde

of iron film is from the standpoint of thermodynamics. Willard
@ibbe and Kelvin showed independently from thermodynemic reason-
ing that if a diesolved substance had the property of lowerilng
the surface tension of a solution, the substance would exist

at a higher concentration in the surface layer than in the

bulk of the solution. This can be expressed mathematically

thus: - U=-0 . doe
RT dec
where U = concentration of substance at

the surface in gmse per sqe.cm.

= concentration of solute in solution.

temperature on Absolute Scale.

gas constant.

9 w =3 a
i

surface tension.

Now as C, R and T are all positive the sign, and, therefore
whether posltive or negative adsorption is obtained, depends
upon the differential coefficient dre A certain amount of
experimental proof of thils equatiogchaa been obtained in
recent years in the realms of organic chemistry by Lewis,
Donnan, and others. It is qulte concelvable that the concen-
tration of the film at the boundary might exceed saturation
and precipitation take place. It has not been shown whether
the carbide of iron is actually deposited at a high temperature
due merely to an excessive concentration at the boundary sur-
faces or whether precipitation is caused by the alteration of
the sa%uration value on cooling. That it 1s possible to have
excesslve adsorption and so overstepping the solubllity of the

eolut9 has been shown by Ramsden (Zeit.phys.Chem. 47, 338) feor

o ? and certain d est f Be
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also been shown that if two solutes are present, that which

lowers the surface tension to the greater degree is the one
which forme the surface film. Of course the above equation
cannot be applied to cases in which excessive adsorption result-
ing in precipitation, occurs.

Although it is not possible, at present, to apply thermo-
dynamical considerations to metallurgical problems of this kind
yot, in a gqualitative way this view of the subject is beginning
to receive attention. Giolittl has used it to account for the
influence of manganese on liquid steel (J.of Iron and Steel Inst.
1923, No.2)s It can be applied to account for the carbide of
iron films in the low carblde steels and also to ®xplain the
results of Andrew on the effects of phosphorus on impact brittle-
ness (Ne.E. Coast Inst. Eng. and Ship. 1920).

The formation of films of the carbide of iron at the grain
boundaries of the low carbon steels depends upon two factors.
First it 1s necessary for the dissociation of the complex carbide
molecule; then the simple carbide molecule, or, more probably,
the carbon atom diffuses to the grain boundaries at which it
increases in concentration. Consequently there exists here a
chain of carbon atoms attached to the iron atoms and, when
separation takes place, a film of carbide of iron exists where
th original high temperature boundary existed. Prolonged soasking
af & high temperature brings'about these results. In this way a
large number of the irregular results obtained in impact testing

can be very satisfactorily accounted for.
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A _Study of the Constitution of the Copper~Zinc Alloys.

The copper-zinc alloys have received much attention from
research workers, no doubt_becauée of the industrial importance
of the copper rich alloys. Further interest has heen added to
this system by the rediscovery in 1911 by Carpenter and
Edwards (1) of the critical point at 47C. (previous found by
Roberts=-Austén (2)) in alloys containing the beta constituent.
Thisr interpretation of this change point was that the beta
constituent broke down into the adjacent phases, alpha and
gamma, thus being in the nature of a eutectoid change.

In 1914 Hudson (3) put forward very strong evidence in
favour of the view that the change at 470°C. was of a poly-
morphic nature, the beta constituent changing 1ntp what he
termed beta dash. .

Igmal (4) at a later date pointed out that 470°C. change,
which he found took place over a range of temperature, was of
& non-allotropic nature and of the same type as the Ag change
in iron as expressed by Honda (5).

In view of the great divergence of opinion in regard to
the nature of the 470°C. change in the beta constituent 1t
was decided to commence investigations at the copper end of
the series, paying particular attention to the beta constituent,
and, 1f results warranted it, to extend the investigation to
comprise alloys of composition varying right across the
system.

ectrolytic ential.

The method of study seleqted was Electrolytic Potential
measurements.
Iheoretical.

The theoretiocal aspect of this subject has received much
consideration from physicists with the result that it can be
used with s fair amount of confidence. Kelvin and also

Helmholz showed that the type of reaction involved in the

development /
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development of an electrolytic potential belonged to the
Second Law of Thermodynamics from which the general equation
of

E=-0U-= T%% ie derived where E = the external work
done by the current, and U = the heat of reaction. This
equation has been shown to hold in many instances, but it is
of no real value as integration is necessary before the
electromotive force can be obtained from thermal data.

Nernst (8) furthered the theoretical aspect of the subject
by treating the matter from the ionic standpoint. His treatment
not only simplified theoretical calculations,but also gave a
picture of ﬁhe mechanism of electrolytic potential phenomena.
According to Nernst,all metales possess the property which he
called "solution pressure," which tends to drive the positively
charged lons of the metal into the surrounding solution. If
the surrounding solutlon already containe ions of the same
metal then these lons 1n the solution exert am opposing force,
for these lons having an osmotic pressure will tend to be
deposited at the surface of the metal giving a back e.m.f.

When there are just as many ions leaving the metal (or elec-
trode) under the influence of the "solution pressure" as

there are being deposited upon it by the effect of the osmotic
pressure, then there will be a state of equilibrium set up,

and consequently the electro-motive force between the elec-
traode and the solution will be zero. 1In all other cases there
will be an electro-motive force between the electrode and the
solution. Ions will pass either from the electrode to the
solution resulting in the electrode being negatively charged
with respect to the solution, or, conversely, from the solution
to the electrode when the latter will become positively charged.
In either case only a very few ions will flow berbre equtlibrium
is established between the electrode with its electrical field
(that is the positively or negatively charged electrode) and
the solution.

From/
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From the above, it will be seen that it 1s not difficult
to derive an equation, based upon the 2nd Law of Thermodypamics
similar to that obtained for osmotic pressure. This equatlion

was derived by Nernst and is as follows:-

E = R.T. logs 2
neF

where n = valency of the ion

osmotic pressure

P
and P

solution pressure

or expressing p and P as concentratlon factors.

= Bal- loge ¢
neFe. C

where ¢ = concentration of metallic ions in
solution.

and C corresponds to P in above equation.

As wlll be observed from the above equations.P and C
have no real physical meaning. If a compound cell is used
in which the electrodes are of the same meterial,then, in
the algebralc sum of the "cell" wvalues, the P or C will
cancel out. For example, if an electrode of silver is
dipping into N AghOz in one half cell and another seilver
electrode i=s éipping into N_ AgNOg in another half cell then
the total E.M.F. from the ﬁgll will be

E = RT loge @ + BT log, g° when b, and‘cz are
nf c nF v’

the ionic concentrations in the respective solutions and C

is the ionic concentration of the electrode, or

E = g% log, %f. In cases where the electrodes are dissimilar

then the more complex condition prevalls but matters can be

simplified by keeping one half cell a constant in any series

of measurements. For thls purpose the Hydrogen cell or the

Calomeld cell can be utilised. Although the value of both

of these cells is fairly accurately known yet the indeter-

minate and physically meaningless quantity of "solution

pressure” still remains. It 1s obviously this factor in

the equation which will determine the type of curve obtained

in alloy measurements in which the electrolytd is kept a

constant.

In/
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In the study of the constitution of alloys the con-
etituenps of the alloy may exist in the fundamental states,
namely (a) the constituents may be completely insoluble in
each other and so form a mechanical mixture, (b) the con-
stituents may be mutually soluble in each other when a solld
solution results and (e¢) the constituents may form an inter-
metallic compound when the chemical identity of each 1s loste.
The typical electrolytic potential curvee for the three cases
may easily be derived. For case (a) it ie the constituent of
the mixture which has the greatest "solution pressure® in the
electrolyte that is registered in the P.D. value, that is,
the more active or less noble metal under the conditions of
the experiment. Laurie (7) showed thie in a very pretty
manner by taking a pilece of copper and embedding in its
surface a very esmall piece of zlinc and measuring éhe PeDo.
KExIxEk X riomxmt in Gwpla solution. The mere speck of
zinc registered itselectrolytic potentiel, not the large mass
of copper as might have been expected. Coneequently in the
cas® where we have two insoluble phases s0 long as these
persist with the changing composition then the electrolytic
potentlal throughout the whole system will be invariable.
In case (b) a different etate of affairs exists. In a solid
solution it would appear from X-ray studles and other consider-
ations, thap, at least in the majority of cases, if not in
ell, the solute atoms take up a position in the lattice of
the solvent atoms (8)s As the amount of solute is increased
the concentration of the solvent will be decreased. This will
result in the concentration-electrolytic potentisl cf@ve being
logarithmic in form. Moreover any alloy in a series of
completely miscible binery alloys must have an electrolytic
potentiel less than that of the more active constituent.
Case (c) presents a state of affairs in which the result
cannot‘be predicted. If the compound can exist as esuch in
solution in the electrolyte then 1t will exért its own

®*golution pressure,"” and its presence in a series of alloys

will/
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will be marked by a break in the concentration—electrolytic'
potential curve,

Whilst the views of Nernst serve as a background upon
which to build some crude type of mental picture of the
mechanism of electrolytic potential it has been fairly
conclusively shown by Ridea;(giat it lacks true meaning
in spite of agreement between calculated and obser&ed
results. Richardson from thermoionic emission and electrical
conductivity determinations has shown that the number of
free electrons per ggﬁt. volume 1is practically the same for
all metals, He has also shown, as has Milliken and others,
that the electron affinity is a characteristic of a metal and
Rideal (9) has shown that there is a distinet relationship
between the electron affinity and the electrolytiec potential,
Over against these views upon the subject,Butler (10) has
treated the subject of electrolytic potential from the kenetic
standpoint and finds good egreement with Nernst'!s views,

Although the true meaning of electrolytic potential is
still unknown, yet with‘care in interpretation, the results
of an investigation, hased upon the earlier views of Nernst; are
capable of yielding valuable information on the constitution
of alloys,

Not only is a potential difference developed at the metal/
liquid junction but a similar state of affairs results at all
liduid/liquid Junctions. Generally the latter 1s of a very
much smaller order of magnitude than the former but where
absolute results are required this must be taken inte
consideration. In the constitutional study of alloys
this factor i1s constant and can be neglected., Moreover its
'effect can be minimised by employing an intermedliate liquid
such as a solution of ammonium nitrate, or potassium chloride,

Exactly in what manner this intermediate solution functions

in reducing or annulling the 1iquid/liquid potentilal is not,

however,/
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however, clearly understood,

The influence of temperature upon the electrolytic
potential difference is the remaining point to be considered,
According to the Nermst equation temperature plays an
impoftant part in determinations of this kind. Meyer (11l)
and also Richards and Daniell (12) found that variastion in
temperature did affect the potentlal difference values but
the variation was not of the orfler of magnitude expected
from the equation. Actually in the experimental investigation
it was found that the slight varistion in room temperature
made no difference to the electrolytic potential values. Rideal(9)
even goes so far as to say that the electrolytic pressure is
apparently independent of its temperature,

Previous Work, Although the P.D, values for the Copper-Zinc

system of alloys have been determined by many workers yet

the results obtained show a great lack of agreement., This is

ngt surprising when the complexity of the phenomena involved

is borme in mind. Moreover little or no attention seems to

have been given to the state of the surface of the alloys

used, and jet this is of vital importance. Frequently no

mention is made of the treatment of the alloy, whether it is

in the cast or annealed states. The choice of the electrolyte®y

received some attention from some workers whilst others showed

a total lack of consideration of this most important factor,
Probably the oldest work in this field is that of Trowbridge

and Stevens, (13). The object of their investigation was "to

note the variation of E,M.F. in different alloys of the same

metals and to deduce if possible, some general law which governs

the variation." They used as electrodes, lead and the alloy

under investigation and fresh pond water as an electrolytfd

but did not get satisfylng results, Using distilled water,

acidulated with sulphuric acid, they obtained better results,

but, as far as the Cu-Zn alloys are concerned, the results were
9,
far/
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far from those found by later workers. Thelr deduction,
that the E.M.F., varied as the most soluble metal, is wrong.
The figures which they obtalned using acidulated water as
electrolyte are given in Table I.

In 1888 Laurie (7) published the results of his worj
on Electrode Pétential measurements of alloys which included
the Copper-zinc series. His work was very much superior
to that of Trowbridge and Stevens, He used a solution of a
salt of the more negative metal as electrolyte but the state
of the electrode received no attention and theconcentration
of the eledtrolyte did not receive special attention. He
pointed out that the compound in the Cu-Zn serles was CuZnZ.
His results are given in Table II,using « Cu2I2 cell,

In a paper entitled "Beiltrag zu Kenntnis der Metallegierungen"
by M.Herschkowitsch (14) (Zeet flir Physik. Chemie. 27, 123.

1898) 1s given a full account of the electrode potential
measurements and a brief account of the theory of the subject,
From his determinations of the CuZn series he deduced that
there 1is a compound of the formula Cuan. He used a salt of
the less noble metal as electrolyte, choosing ZpSO4 and
measured the P.D. of the alloys against Zinc this being the
more active metal. Moreover he used an electrolyte of a

fixed strength, namely a normal solution. The agreement between
his four sets of determinations is not goods For example en
Alloy containing 39.3 "molecular percentage" of zinc gave
results as follows:- 1000,0; 1030.0; 848,0; 976.0; millivolts,
At the Zinc rich end of the series agreement was better.,

One series of his results is given in Table III,

Undoubtedly the best work on the P.D., measurements of the
CuZn series of alloys is that of N,Puschen . His work was
published in the Berlchte des St.Peter, Polytech, Institute in
in 1906 and in Journ. Russ, chem. @esell in 1907, A translation

of it appears in the Zeitschrift flir Andorganische chemie in

1908. (15) Like Herschkowitsch he used N/1 ZnSO4 as the
electrolyte/



electrolyte and measured the P,D. against Zinc but he made

a much more systematic study of the subjecte. Between 13
and 15 atomic % of copper he found a sudden fall in P.D. and
this he attributed to the phase ZngCu and he arsumed that

a compound formed between these percentages. It is worthy
of note that he found en increased P,D. as result of adding
copper to zinc & maximum being attained at about 12 atomic
per cent of copper. He made no mention of this interesting
point however., Atvss atomic per cent. of copper he found
another fall in P,D. but of a very much more pronounced nature.,
This drop corresponds with the composition Cu Znpand this
had already been noted by Laurie and Herschkowitsch, At
about 53 atomic per cent. and at 67 atomic per cent. he
noted a further fall in the P.D. and this, in turn, he
attributed to the appearance of new compounds to which he

assigned the formulae Cu Zn and Cuzzn. Table IV shows

his results and in the last column is shown the e.m.f,
values between N/1 Zn SO4 and the various alloys, calculated
from his data, |

Experimental:~- In view of the great differences in the

results obtained by earlier workers it seemed very essential
that more attention should be given to the vamious points
discussed in connection with the theory of the subject,
namely the question of a sultable electrolyte and also of
the condition of the surface of the specimen,

For the purpose of a preliminary survey three alloys of
copper content P0%, 52% and 40% respectively were made from
pure electrolytic copper and pure spelter. The alloys
were in the alpha, beta and gamma respectively. The
importance of ﬁniform and sound alloys being realised, the
following method was adopted. A piece of thin, clear silica -
tubing, 2 millimetres in bore and 10 inches long was attached
to an evacuated suqtion flask, there being a clip in the

rubber tubing between the flask and the silica tube, The

silica/
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s8llica tube was heated and then dipped into the molten alloy,
the clip released. The metal was drawn into the tube for a
distance of about six inches. The alloys were found to

be sound and uniform, Pieces of the alloys were set in
glass tubing of greater bore than the diameter of the
specimens, being fixed at the lower end with the aid of
plastic wax, The annular space between the specimen and
the class tube was filled with mercury which served as a
means of connecting the alloy to the copper wire leading

to the potentiometer.

A Tinsley potentiometer was used for the measurement of
the e.m,f,. Half cells of the standard Ostwald pattern
were used. In the early experiments pure copper was used as
the reference electrode and the electrode in the other half
cell was either the alpha, beta or gamma alloy. The reference
electrode was fitted up in the manner already described,

The 8.,m.f, of the one alloy against the other was also
determined experimentally.

The choice of a suitable electrolyte presented a problem
of considerable difficulty. Theoretically it 1s necessary
that ionic equilibrium be obtalned, From Kohlrausch's
equivalent conductivity tables the ioniec coﬁcentration
of Cu’SO4 and Zn SO4 solutions can be calculated on the
assumption that dissociation 1s complete at 0,000) molar
concentration. These are given in Table V. However the
method of determining the ionlic concentration of the wvarious
alloys presents another problem., Tammen in his "Lehrbuch
der Metallographie" has suggested that the ionic concentration
of the more noble metal should be 1lncreased until no more of
the solid solution of the more noble metal is precipitated
from the electrolyte., The sensitivity of this method seems
doubtful from the experimental work carried out and did not
give practicable results.

The first electrolyte to be used was N/1000 Cu SO4 but,

slthough/
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although very consistent results were obtained for the alpha
and beta alloys, the sensitivity was low, 0.033 volts on

the bridge only giving a scale deflection of 2 millimetres,
The addition of 0,1% H,80, to the electrolyte was tried but
the results were unsatisfactory, They varied rapidly, due,
no doubt, to polarisation effects. K6l was added to the
electrolyte in place of H2804. This was chosen because it

is a very good ion carrier and the KX and Cl ions travel

at about equal spséeds. This greatly iyproved the sensitivity,
but, as was expected, varying the KCl greatly changed the
.results. Had pure metals only been used this could have been
allowed for but when dealipgg with eomplex alloys and. the
composition and constitution of these varying from alloy to
alloy this would be an added veriable to a very difficult
problem, A solution of cupric chloride was next tried as an
electrolyte but with no better result. Copper ammonium
chloride and also copper ammonium sulphate were each tried

in tumand rejected. N/1000 Zn SO4 was also tried but was
much inferior to N/1000 CuSOé. The results could not be
repeated and the sensitivity was only 0,04 volts to 2

m 11limetres on the scale, An electrolyte composed of N/1‘
CusO, and N/1 Zn S0

4 4
and Zn contents of the electrolyte the mame as that in the

mixed in the proportion to give the Cu

alloy under examination. As before sensitivity was the
stumbling block. The results obtained were good as is

shown by the following figures for Cu in N/1000 CuSO, and

4

the alpha alloy in an electrolyte of 64% N/1 CuSO, and 36%

N/1 ZnSO4:- 0.,0265, 0,0265 and 0.0265, the last ieading
being taken 3 minutes after the insertion of the alloy in
the mixed electrolyte. After further trials with various
concentrations of CuS0, it was decided to use N/1 Cu 804,
this being found very much more sensitive than the other

concentrations. Moreover the results could be repeated with

}an/
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an accuracy of 0,0005 volts,

The seriew of alloys shown in Table VI was prepared in a
manner similar to that already described. These alloys,
however, are not mounted in glasé tubes, it being considered

that the Hg junction introduced an unnecessary complication,

The copper wire was fixed to the end of the thin alloy rod by a ' .

binding screw, and the rod mounted in a small rubber cork,

About 1 inch of the rod passed through the cork and dipped

4
solution as electrolyte and s copper rod as the standard

into the electrolvte. Using an approximately N/1 CuSO

against which the alloys were measured, the following

interesting results obtained.

Cast Mark, Actual E.M.F. on Sign of copper
potentiometer, electrode.
A 0235 negative
B 00220 negative
C «0055 positive
D 0047 positive
E 042 positive

Only the copper rich alloys were dealt with during
the early stages of this work. It was found very
difficult at this time to get anything approaching
consistent results wih the gamma alloys. The remarkable
point about the above figures is the change in sign between
B and C and that B is greater than A, This change will
be discussed at a later stape.

Although consistent results had been obtained for

the copper rich alloys and these had been repeated on

three/
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three independent days yet it was realised that trouble
might have arisen from the use of CL}/E\I/lCuSO4 as a standard
cell due to the difficulty of maintaining the state of the
surface of the copper standard in a perfectly constent
condition. In fact, this trouble did arise in the course
of a few weeks so that measurement against copper was
sbandoned, Earlier investigators had used Z%/%/IZnSO for
the standard half of the cell.  But this is open to ¢
same objection. It seemed much more satisfactory to use
either of the recognised standard cells, that is,either the
Hydrogen electrode cell, or the calomel cell as a standard.
The calomel cell was selected and this was used throughout
the remainder of the work,

A simple experiment was carried out to see how far
strain might interfere with the e.m.f., obtained. For this
purpese a piece of the alloy B (81,44 Cu) containing 81.4% Cu
was selected. The e.,n.f. of this alloy in an electrolyte
of 81,4%N/2000 CusSO

and 18,6%N/1000 Zn SO, containing N/1KC1

4 4
was measured against the calomel cell, The value of the
 combined cell was .198 volts. Straining the alloy very
slightly by lightly hammering it, preparing the surface as
before by carefully cleaning it with 000 French emery paper
and testing it in a similar electrolyte, a result of ,213
volts was obtained for the combined cell. This 1s in
sgreement with the work of Merica (16) who also found a
slight increase in the e.m.f., of alloy8 due to cold worke.

All specimens were used in the annealed state and had
their surface prepared in the same manner each specimen being
finished with 000 French emery. With this precaution no
serious difficulty was experienced in obtaining results which
could be repeated,

The problem of the influence of the connecting of the
two half cells upon the resulting e.m.f, had still to be

" considered./



13.
considered, For this purposeva N/1 KC1l solution was used
as the speed of the K and Cl ions are nearly the same and
this salt 1s largely dissoclated in solution. NH;Cl would
seem almost as good from the foregoing reasons but as N/1 KCl
is used in the standard calomel cell it was preferred. The
magnitude of the electrolytic potential due to diffusion at
the liquid/liquid junctions was a matter of some importance.
It had already been found when investigating the problem of
a suitable elestrolyte that the concentration of the KC1l
added to the electrolyte had considerable effect on the resulting
em,f,, This may be seen from the following figures:-

Type of combination cell Hg/ Hg,Cl, %/ XC1 N/1 Cu S04/ Cu
N/1 XC / N/1 + reqd,KCl

Sign of calomel cell., Conc, of KBl Eem,f, of total
present in cell in Volts.
electrolyte,

negative none 025
negative N/1000 +006
negative N/100 o011
positive N/10 «037

This effect, of course, could be largely eliminated by
keeping a constant strength of KCl in the connecting cell
though its influence on the final result would be unknown,
In order to arrive at some idea of this value the following
experiments were performed. A copper electrode was carefully
pfepated as previoﬁsly described, and the e.,m.,f, of this
electrode in an electrolyte of (a) N/l'K01l (v) N/1 Cuso, and
(¢) a mixed electrolyte of N/1 KCl and N/1 Cuso4 against the
calomel cell was determined.

These experiments gave results as follows:-
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Sign of
E.M.F., of calomel
(a) Hg/ HgoCly N/1 KC1/ N/1 XC1/Cu total cell. cell,
N/1 KC1l ‘ 0,153 volts, positive
(b) Hg/Hg €1/ N/X KC1/N/1CuSo,/Cu 0.025 volts. negative,
N/1 K81 2
(¢) Hg/ Hg,Cl,/N/1 KCl/ N/1KCl/ Cu 0.105 volts. positive
N/1KC1 N1 cuso,

Although In the first case there was no diffusion potential
coping into play and in the second case the diffusion potential
of N/1KC1/N/1 CuSO4 existed, there was me. #vident means of
obtaining this quantity from case (c). It is not correct to
assume that the difference (,153-,025) and 0,105, that is
0.128-,105, = 0,023 was due to the difference of concentration
of ¥/1Cus0, in the case (c) from Case (b). KO is
dissociated to extent 0,72 in N/1 solution whereas N/1
CuSO4 is only dissociated to extent of 0.,2275 which means that
.*

As nothing definite could be obtained from these figures

Ci/N/1 KC1l is more active than Cu/N/1 CuSO

and yet it looked as 1f this matter might be of considerable
importance a few more experiments were carried out, The
solution in the connecting cell was replaced by N/1 NH4C1l thus
changing one of the ions in order to see if any considerable
difference would accrue. However no difference was observed
both combinations giving the value for Gu/CuSO4 as 0,585

volts assuming the calomel cell to be 0,560 volts, The
actual reading for the combined cell was 0,025 volts in

each case, Although this did not disprove the importance of
diffusion potential, the results were encouraging.

Resort was now made to theoretical calculation, Here
again as it was two binary solutions which were being
considered and as both univalent and bl-valent lons were
present, the problem became very involved., An approximation

may be obtained however from the following equation



where 1c and 1a are the
ionic conductivies of the ions of one electrolyte and l; and 1;
are conductivies of the other.

K = 64,9

Taking 1c =
1a = ¢l = 65,4
1‘c = Cu = 45.9
1, = 50, = 67.2

it is found that E ='.004 volts,
Thus the diffusiencpotential is of a small order in comparison
with the electrolytic potential of Cu/CuSO4 N/1.

The influence of temperature was not determined,  All
determinations were carried out at room temperature. During
the months while these preliminary investigations were being
conducted, no evidence of temperature being an important
factor was indicated. From the Nermst equetion it would be
naturally concluded that this factor 1s of importance although
in his paper dealing with the 'Mechanism of the Reversible
Electrode Rideal (9) states there 1is an apparent independence
of the electrolytie solution pressure of a metal with
respect to temperature.

Tha P.,D. value for all the specimens shown in Table VI was
now determined making use of the information gained by the
preliminary experiments. The electrolyte used was N/1 CuSO ,
the calomel cell belng used as the other half-cell and N/1
KC1l as the solution for reducing diffusion potential, The
electrolyte was renewed in the cell after each determination
and the N/1EKCl was frequently repisatédi. Each determination
was made many times, No difficulty was experienced in
repeating the values for the alloys rich in copper but as
the gamma compound was approacheq it became increasingly
difficult to obtailn satisfactory results, The results
are given in Table VII,

It/
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It was deemed advisable to repeat the above experiments
using N/lluSO4 as electrolyte in place of N/lCuSO4.
In this case it was very difficult to obtain
smtisfactery results with the copper rich alloys but for alloys
beyond the gamma range consistent results were obtained.,
The results are stated in tabular form in Table VIII,

The results obtained were considered sufficiently
promising to make it worth while making a more
complete set of alloys and determining the electrolytic
potentials for the whole series, Consequently the alloys
shown in Table IX were prepared, In this case, however,
thepe were not made by drawing into éhin quartz tubing,
this method proving too expensive, On this occasion the
alloy was cast into small moulds, £ ineh 2x. £ inch
x 3 inch long. The small ingots were packed in charcoal
and carefully annealed until all'cast structure had
disappeared as revealed by microscopic examination. From
the so0lid centre portion of these ingots were turned small plugs
2 inch long by 3/8 inch in dieameter. 1Into the centre
of one end of each plug a small hole was drilled into
which fitted a copﬁer rod with a tapered point, To this
copper rod was fixed the copper wire leading to the
potentiometer. This method of mounting was found
very convenlent as 1t necessitated only the changing of

the plug.
The results obtained for thils series of alloys in

N/1 Cuso, and N/1 Zn SO electrolytes are given in
4
tables Nos.X and XI resmgctively and along these with

\_’/
the/
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the results obtained from the first series of alloys,
are incorporated in graphical form in Figure I.

The P.D, values for the second series of alloys
were also determined in an electrolyte composed of a
mixture of N/lCuSO4 and N/th,SO4. The electrolyte was
made up so as to contain the same amount of Cu and Zn as
the alloy whose P.D, was to be detennined. This would
not give quite true lonic concentrations as it has
already been shown that ﬂnSO4 and CuSO4 do not
dissoclate to the same degree in N/1 solutions although
very nearly so. The difficulty lies in knowing ‘
how the alloys of Cu and Zn behave in regard to ionic
concentration at the surface, In the early work the
influence of variation of composition of the electrolytd

upon the e.m.f, was determined and the following

data obtained:-

Sign of Composition of electrolyte Alloy T
Calomel cell. + KCl :
Cu S0 Zn SO
4 4
positive 95 5 No.B
(81.4%Cu)
positive 90 10 ditto
positive 85 15 ditto
positive 80 20 ditto
positive 75 25 ditto
positive 70 30 ditto
positive 60 40 ditto

positive ‘ 50 50 ditto

otal
C.m.f.

0,198

0,198
0,197
0,197
0,197
0.199
0.202
0.205
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This shows that, at least for the copper rich alloys,
very little difference was obtained over a wide range of
electrolyte concentration. In thie comnection it is interest-
ing to note that A.E.Taylor (17) in his study of irreversible
cells stated that the ee.mefs of the cell Zn/2n804/CuSO4/Cu
wag independent of the absolute concentration of the Zn and
Cu sulphates. It is also of interest to observe that in the
same paper he gave the values of Copper to Normal CuSO4 88 -
0.5685 volts and Zinc to Normal Znso4 ag 0.524 volts, results
which are in very good agreement with the above experiments
(Tables X and XI).

In table XII are given the results observed using the
mixed electrolyte. It 1is worthy of mention that for the copper
rich alloys the results are 1in very close agreeﬁent with those
obtained in the N/1 Cusoy, electrolyte and similarly those at
the Zinc end of the series are in agreement with the data
derived from the N/1 ZnSO4 electrolyte.

The alloys in the centre of the serlies contsining much
gemma gave much trouble both in N/1 Cuso, 8nd in ¥/1 zZnso,
solutions. It was found difficult to repeat the results and
obtaln conslstent results. This no doubt,was due to the
difficulty of preparing a satlefactory surface. Latterly
fractured surfaces were used, the remainder of the surface
of the speclmen, except the clean fractured portion, being
covered with vaseline. This procedure gave better results.
Finally, the result obtained on the immediste immersion of
the specimen was taken as the true reading. By this device
tolerable agreement between successive determinations was
obtained.

A short study of the effect of heat treatment of alloys
around the beta range of composition was made. For this pur-~
poee a series of speclimens were heated to 600°c. soaked at
this temperature for 2minutes and then quenched in water.
The surface of each was carefully prepared and the P.D.

determined/
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determined in N/1 CuSOg. The data so obtalned is given in
table XITI. It ie significant thet quenching lncreases the
P.De value of alloy to N/1 CuSO4 within the beta’'range but
has no effect on the alpha solid solution.

Consideration of results.
The results are shown in graphical form in Figure 1. At

the outset it is worthy of remark that Puechin'éu%urve follows
the same general outlet as obtalned in the present work. The
marked drop in the curve at approximately 3% of Cu distinctly
points to the fact that Cuging is not the most actlive compound
in the Cu-Zn series; in fact there is no evidence of its exist-
ence in this property-curve. Herschkowltsch and Puschlin both
placed the intermetallic compound at 32.8 Cu and assign the
formula CuZng to the compounde The present work is in good
agreement with this view. Westgren and Phragmen (18) (Phil.
Mag. Vol.50, 295, p.31l1l) have tentatively suggested that Cuy
Zng is the composition of the compound in this region of the
Cu=Zn series from a study of Xe-ray diffraction patterns of this
series of alloys. From Figure 1 it 1is difficult tb asslgn any
very definite composition to the compound as the sharp change
in direction of the curve would appear to refer to the limits

bf the compound phase rather than signifying its particular
composition. In this range of alloys better results were
obteined by using N/1 znsSO, solution. The results are shown
in Figure 2.

+It 1s significant that the copper rich alloys in N/1 ZnSoO4

gave a lower value for the P.D. than when immersed in N/1 CuSO4.
That the results in the different_electrolytes would not be the
same would be expected but it is not so obvious why the amount
of this difference is practically the same at the two ends of
the series. Still more significant is that fact that within
the range of the alpha solid solution the curve for N/1 CuSO4 and
for the mixed electrolyte of N/l CusO4 and N/1 znSO, practically

superimpose upon each other. The agreement for the eta Bolia
solution/



gsolution is not quite so good though of the same order being
much better than with N/1 CusO, electrolyte. This fact
points very strongly to the view that,in the alpha solld
solution range,Copper is the active constituent and hence
the good results with N/1 CusO, electrolyte. The Zinc in
this range 1s not the active constituent as was assumed by
all earlier investigators. Similarly at the eta=-solild
solution end,Zinc is8 the active constituent.

The results obtained for the Copper rich alloys with
§/1 CusSOg electrolyte are shown on a larger scale in Flgure 3.
It is very remarkable as mentioned earlier in the paper that
with additions of Zinc to Copper up to about 10% of Zine the
curve shows a decided rise. In the earlier work 1t was found
that strain raised the e.m.f. Undoubtedly the cause of this
inerease in e.m.f. is due to the added Zinc distorting the
space lattlice of the Copper and so causing strain. It 1s most
remarkable that this effect should cease at approximately 10%
Zn. Ingalls (19) (Inst. Metals, 1925,N0.2, 34) has observed a
change at about 9% Zn in the High Temperature-Tensile Curves
and attributed this change to space lattice considerations.
He says "It would appear that the fundamental 1attiée of copper
1s maintained up to about 9 per cent. of zinc, after which
there 1s a change, gilving a lattice which may be termed alpha,
which is maintained until the appearance of the beta lattice."
Whilst not in entire agreement with Ingalls as to his explan-
ation it does seem that there is a change taking place up to
10% Zn and then e new set of conditions prevail. From 10% Zn
to 368.5% zn the curve is logarithmic in form. That this curve
is truly logarithmic was proved by drawing the log curve whence
a straight line was obtained as shown in Figure 4. From 10% Zn
up to 36.5% Zn the curve follows that required by theory for a
true solid solution. In this portion of the curve the Zn
merely acte as a dilutent. Hence in the equation E = g% log C

C
where C = lonlc concentration of copper ions in the electrolyt%

end C; = ionic concentration of copper ionse in alloy, 0, is the

only/
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only variable and hence resulting equation is logarithmic.

From 38.5% Zinc to 57.87% Zn, however, the curve 18 very
far from logarithmlc as is seen from Figure 5 in which the
log values are plotted. Whereas in the alpha range there
exists true solid solutions conditions, in the beta range
gome other state-exists. Even in the case of the quenched
alloys matters are not simplifled. Here again in the alphea
range the quénched values are logarithmic being the same as
the annealed values. But in the beta range the values of the
e.m.f. are increased by quenching. Thie curve nelther obeys
the form required for solid solution conditions nor for the
euteoctiferous series.

In Figure 8 the resulis for the zinc rich alloys 1in
N/1 ZnSO4 are recorded graphically on a large scale. Here
again the addition of Copper tb Zinc hae caused an increase
in the value. It has been shown by X-ray analysis that eta
is to be regarded as a solid solution of Copper in Zinc (18),
(20),(21)e The two marked changes in the curve at about 90%
and 8%¢ of Zinc are connected with the limits of the epilson
phase. The position of the compound is not very clearly
marked but will be somewhere about 85% of Zinc which is in
good agreement with the generally accepted formula of CuZng-
Between 70% and 804 of Zinc the curve 1s typical of an
eutecticiferous series.

Specific Volumes.

Whilst the study of the electrolytic potential gave much
useful information yet on the problem which had prompted the
investigation of the Copper-Zinc alloys it confused the issue
rather than clarified it. It showed that in the range of the
beta constituent neither the conditions of a solid solution
nor of an eutectiferous mixture prevailed. For this reason
it was resolved to etudy the specific volumé of the alloys of
the Copper-Zinc series.

The determlnation of the specific volume of alloys is

a/
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a comparatively easy physical property to measure. As a
means of studying the constitution of binary alloys its
utility is limited however, as 1t fails to differentiate
between heterogeneous mixtures and solid solutions. Both
types give a linear relationship between specific volume

and compositione Another factor which may prove very serious
is the influence of variation in grain size upon specific
volume. In the study of allotropic changes where the volume
change, in passing from one allotrope to another, as for
example in Iron, this method of ilnvestigation finds its
widest range of utility.

As all previous work on this line of attack in the
Copper-Zinc series was unsatisfactory from the point of view
of constitutional study, either having been done with alloys
whose treatment and analyses are not recorded, or with cast
alloys in the other cases, 1t was considered desirable to
carry out a careful investigation of this property.

Previous Worke.

In 1921 Bamford (22) published a paper on the Density
of the Copper-Zinc Alloyse His work was carried out on chill
cast and sand cast specimens. In this paper he gives a good
resume of earlier work together with the graphical represent-
ation of the results of the principal workers. As Bamford
showed there was little agreement betwesen the various workers!'
resultses The only point of significance in this work is the
sharp and well-marked minimum at about 12% of copper. Bamford
reported his results as relative density taking water at 4°C =
1.000. He welghed his specimens in boiled distilled watere.

Nowbury (23) determined the density of a very few of the
Copper-Zinc alloys in the course of a study of the volumes
occupled by solute atoms in certein intermetallic compounds.
His method was of‘a high order of acouracy. $£he specimens
were wolighed in distilled water and the surface tension
effects of the Pt, wire were nullified by using an exactly
similar/
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similar wire, dipping into exactly the same depth of water,
on the other arm of the balance. In his caleulations he
corrected for alr displacement. His results are given below

for sake of comparisone.

Per cent of Zn Density of annealed Specific
in alloy. specimen. volume.
4.06 8.884 0.1131
7.88 8.818 0.1134
11.86 8.778 0.1140
15.58 8.688 0.1151

.Owen and Preston (20) in the course of an X-ray
diffraction pattern study of the Cu-Zn alloys determined
the densitlies of the alloys examined. No special presautions
are reported in their paper as having been adopted to obtain
very accurate results. The figures obtained by these workers

are as followse.

Per cent of grms. /ec Specific
Zinc in alloy. (annealed specimens) volume.
0 8¢93 0.1120
11.35 8.80 0.1138
2077 8.87 0.1153
R7.09 8.57 0.1187
30.0 8e54 0.1171
3873 8.-43 0.1188
48.5 (quenched) 8.32 0.1202
48.5 (Bl_OWJ.y 832 0.1202
, cooled)
87.2 (heated to 8.0 0.1250

6500 for 2 hrs
& quenched in
water)
80.1 777 0.1287

St111 more recently Westgren and Phrogm®n ghve a few
density determinations. Here also no special precautions are

reported,as having been adopted,to obtain a high order of

accuracy. Their results are as follows.



Per cent of Density. Specific Volume.
Zinc in alloy.

B2« 2 8.45 0.1183

48.9 8.32 0.1202

87.7 7.92 0.1283

8l.7 8.04 0.1244

84.7 7.99 0.1252

The results tabulated in table XIV are 1n good agreement
with the figures obtalned by previous workers and, more
especially so, when the difficulty of producing absolutely
sound castings is taken into consideration.

Experimental work.

The method adopted was the usual Archimedian method of
determining the density from which the specific volume of the
alloy was calculated. From preliminary experiments it was
found that the usual method of weighing the specimens 1n
water was not sufficlently sensitive and that, by weighing in
paraffin oil, much greater sensitivity was obtained. By so
welghing it was comparatively easy to obtalin weights in paraffin
to 0.0001 grams. The density of the paraffin oil was carefully
determined by means of a specific gravity bottle. The influence
of temperature upon this type of experiment is wvery marked.

The same specimen was found to vary widely from day to day
due to this cause. In order to correct for this variation one
specimen was taken as stapndard and its density carefully
determined at 18°C. Thls specimen was then welghed before

and after each determination which was made on all other
specimens. The true value of the standard specimen being
'known and also its value under the same conditions as all
other determinations it was possible to correct for temperature
variations in the oil. A difference of less than 0.001 grams
was obtalned 1n the welght of the standard specimen in each
determinafion. If 1t exceeded this figure it showed that the
effect of the specimen on the temperature of the paraffin oil

had been too great. To reduce this temperature effect of
the/
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the specimens on the oll to & minimum, the alloys, before
welghing in paraffin, were allowed to stand in a beaker of
paraffin beside the balance for a short time. Another source
of serious error wase found to be in the porosity of the
epecimens. In the early experiments it was found very
difficult to obtain satisfactory duplicate results even
with the use of paraffin oll as a welghing medium. Recourse
was had to the method of Maey (24) of boiling the specimens
in water for some time but even this device was not entirely
satisfactory. Finally the specimens were subjected to a
vacuum treatment under paraffin oil. For this purpose the
specimens were put into a wide-mouthed suction flask into
the mouth of which was fitted a rubber cork carryling a glass
stop-cork. The specimen, after weighing in alr, was immersed
in paraffin oil in the suction flask and the flask evacuated
by a Topler pump. Pumping was continued until no more bubbles
rose from the specimen. After this treatment it was trans-
ferred to the beaker at the balance, being kept under paraffin
all the time. Simllarly it was transferred to the Platinum
wolghing cage. By using these precautions results could be
readlly duplicated. The suépeneion wire of the Platinum cage,
used for welghing the specimens in paraffin oll, was made of
very thin Platinum wire, 0.2 mem. in diameter. As comparative
results under strictly accurate and reproducable conditions
were considered of first importance it was not comsidered
necessary to correct fdr the very emall error due to the
surface tenslion of the wire. ‘Care was taken to ensure the
same depth of paraffin in the beaker at all determinations.
The small errors introduced by the displacement of the
air by the weights and by the specimens were likewise neglected
and for a similar reason, these being practically constant in
each case. It may be mentioned that the welghts were standard-
ised before use and again checked before performing some

farther work at a later date.

The/
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The data obtained from these determinations are given
in table XI' and are set out in graphical form in Filgures
? and 8, which show respectively the density and the specific
volume plotted against composition.
Riscussion of Results.

The curves show in the alpha range, up to about 38.5% Zinc,
a distinctly linear forme. At 38.5% Zinc there is a change in
direction of the curves, it being most clearly marked in the
density curve, Figure 7. Thlis change continues over the
whole range of the bets constituent. From 80% to 68% Zn there
is 1ittle change in density (or specific volume) but after
the latter figure the curve changee very rapidly, reaching a
very marked minimum in density curve, -~ or maximum in the
specific volume curve - at 86.8% Zn. This confirms the curve
of Bamford (22) which also showed a similar marked change over
the same range of composition. From 86.8% Zn. to 92% zZn the
curve rapidly changes once again showing a maximum at the
latter composition in the case of the density curve, and a
minimum on the specific volume curve. From 92% in up to pure
Zn the curve runs smoothly.

Comparing figuree 1 and 7 many points of resemblance
appear in a striking manner. The limit of the alpha range
is marked in both cases by a slight break in the curve. The
whole range of the existence of beta in the thermal equilibrium
diagram, i.e., from $8.5% Zn to 80% Zn, is marked by change
in._curvature in each case. From 60-668% Zinc there ie an
abrupt change indicated in the one case by a sudden fall and
in the other by a horizontal branche A minimum is shown in
both curves at about 86.5% Zn and a maximm at about 92% zZn.
The denslty curve does not show any clearly marked effect of
the distortion feeulte due to the Zn in copper in the alpha
“range or of copper in zinc in the eta range similar to that
observed in the e.m.f. determinationse.

Whilst/
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Whilst the epecific volume end density curves mark very
clearly the existence of a compound at CuZne they do not
indicate whether CugZng or CuZng is the compound in the
centre range of the series. This state of affairs.is not
unexpected in the light of recent X-ray analysis results.

At CuZn6 a very marked change in space lattice arrangement
tekes place,etg?‘being of rhombohedral (21) type whilst gamma
is of the body centred (21) variety, thus giving rise to a
much more pronounced lattice change inegzgithan in gamma with
a resultant greater change in density 1n the former case.

A brief investigation of the delta constituent was
carried oute The density and specific volume of the eutectic
alloy - 29.0% copper - in the quenched, annealed, and cast
states were determined. From table XV it will be observed
that the annealed alloy has a greater density than the guenched
alloy, the cast alloy being intermediate, indicating that in
the cast state the delta constituent had only partlially broken
down into its constituents. Figs 9, 10,11,and 12 show the
photo-microgrephs of these three alloys and bear oﬁt the
deduction that the cast etructure has not been completely
resolved into gamma and epsilon. '

The effect of heat treatment on the density was also
investigated over the range in which the beta constituent
existed, namely from 36.5% to 80% Zn. The results show a
maximum effect in the beta range and also ehozﬁgge intensity
of quenching affects the results. It would appear that
quenched beta 1s more dense than the annealed beta. These
results are difficult to explain and more eo in the 1light of
the dilatation curves which show that there is a marked
expanslon in beta alloye when passing through the range of
temperature 370°C. to 470°C. From the dilatation curves
1t would be deduced that quenched bets, assuming it to retain
its high temperature state as the result of the quenching,

would be less dense than the annealed state. It must be

?ggiégg7d however that although the majority of the experiments



ylelded resulte as quoted above, in one or ﬁwo isolated cases
s slight decrease was obtained upon quenching. How far grain
growth entered into the above experimenis as an upsetting
factor it is impossible to say. That it 1s an important
factor must not be overlooked in considering results of the
above type. Table XVI gives the most concordant results
obtained in a large serles of determinationse.
| A series of experiments were carried out to follow any

changes upon prolonged soaking of a beta brass. A plece of
53+4% Cu alloy waes heated in a sealed bottle at 44000- for
varylng periods of time up to & periocd of 8 weeks. Before
each determination the surface of the specimen was removed
by grinding so as to eliminate as far as practicable the
effect of loss of Zinc of the outer layer. Fig. 13 shows the
graphical representation of the results obtalned. It should
be noted that the original specimen was water-quenched from
800°C. These results sppeared very satisfactory and were what
was expected from a priori reasoning. However, re-gienching
the specimen after its final soaking did not reproduce the
original value of 8.3100 for the density but gave 8.3514 and
on fracturing the specimen it was found to be very coarse.
Undoubtedly alteration in grain size had played a prominent
part in the change of density obsérved. As these experiments
were running concurrently with the above experiments of heat=-
treatment of the beta alloys and 1n view of the unsatisfactory
results which accrued from them this matter was not pursued
fupther. It was considered that too many variasbles arose
and the great redeeming feature of a change of lattice at
476°C. in Copper-Zinc alloys apparently not existing, such

a8 is met with in iron-carbon alloys, specific volume as a

line of attack upon the heta-phase change was abandoned.
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Hardness.

A study of the hardness of the Cu-Zn series was thought
worthy of attention as a possible source of further information
upon the constitution of these alloyse For this study Shore's
method was considered the more valuable, as using the standard
Brinell apparatus it is invariably found that alloys in the
gamma range, $0%-80% zinc, crack under load.

Previous Worke.

In most of the work already done Brinell's method has
been the one adopted. Turner and Murray (25) in a paper upon
the Volume changes in Copper-Zinc alloys gave results for
both the Brinell and the Shore methods for a full range of
alloys. In using the Shore apparatus unfortunately a hard
hammer has been used and consequently very small rebounds
obtalned. Results for annealed and cast alloys are given
but it 1is doubtful 1if the question of complete annealing
received sufficient attention. In 19i8 Meneghini (28)
described his experiments upon the hardness of Copper-Zinc
alloys. He paid especlal attention to annealing and used a
special type of apparatus for determining the hardness.
Johnson (27) in the course of a study of the mechanical
properties of Copper-Zinc alloys aleo determined the Brinell
Hardness of these alloys. Wlth the exception of Meneghini's
data, results in the gamma range are missing.

Experimental.

Precautions as to flatness of surface and also smoothness
of surface were observed and speclal attention was given to
slze of specimen. In the majority of cases more than one
specimen of each composition was used and a number of deter-
minations were made upon each specimen. In & few cases the
specimens had to be mounted in the special pitch cup supplied
with the apparatus, to get the necessary rigidity. The soft
"magnifier hammer" was used throughout and consequently a
large range of rebound was obtained for the various alloys.

The/
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The data obtained is glven in table XVII and is reproduced

in graphical form in Figure 14. This figure is in very close
agreement with that given by Meneghini (28). Table XVIII shows
the figures for a beta alloy in the three different states,
namely, cast, annealed and quenched.

Discussion of Results.

It is generally assumed that the alloy containing 680%
Zinc, i.e. Cu2Zn5 has the maximum hardness though no figures
are available for this range. In the present investigation
a number of alloys in this range were available and they do
not point to Cu2Zn3 a8 being the composition of the compound.
The cusp at 85% Zn. is very significant. From theoretical
considerations the position of the compound should be indi-
cated by such a cusp. Whilst the position of fhe cusp cannot
be considered adequate evidence to fix the composition of the
compound completely, nevertheless it is very suggestive and
interesting. The reappearance of a minimum point at about
856% zn is also interesting, being in good agreement with the
density curve at this point. PFurther than the marked effect
of small quantities of Zinc dissolved in Copper and of Coppér
in Zinc upon the hardness curve,nothing of importance is
revealed. The effect, just referred to,is undoubtedly caused
by the straining of the respective lattices by the stranger
atoms'as discussed unde; electrolytic potential measurements.

In‘the heat treated beta alloy 1t is worthy of note that
the quenched state 1s much harder than the annealed state.
This may be connected with the critical size of the separating
particles from the solid solution phase rather than the retent-
ion of the high temperature state. Edwards and Herbert (28)
have shown the high temperature phase is softer than the low
temperature phase. They found a sudden and remarkable fall

in the hardness of beta alloys pn passing through the 475°%.

change point. It 1s very remarkable that the quenched

specimen/
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specimen should have a greater density and yet be harder than
in the annealed state.

While the results derived from a study of electrolytlc
potential mesasurements, density and hardness determinations,
have yielded very interesting results they have failed to
throw much light upon the nature of the change at 470°C. in
the beta brasses. That this>change is one involving con-
siderable energzy change can be seen from Figure 15 which
shows the thermal cooling curve for an alloy contalning
55.4% of copper. Attention was now focussed entirely upon
this problem and the subject was aftacked from a number of
different standpointse. |
Dilatation.

The first method employed was t0 measure the coefficients
of expansion of the alpha, beta, and gamma phases with in-
creasing temperature. The dilatometef used was of the tybe
designed by Andrew and his colleagues (29). The heating
furnace was a platinum-wound silica tube, 18 inches long and
1% inches internal diameter. The specimens used were # inch
in diameter and 2 inches long,having machined ends. Ground
sllica dlscs were placed against each end of the specimen.
These discs were pressed against the ends of specimen by
thick-walled silica tubes which served to transmit any linear
change in the specimen under test. One silicea tube butted
against the wall of the room whilst the other pressed against
the steel diaphragm of the dilatation measuring apparatus.
The movement of the steel diaphragm dlsplaced wgter from the
water reservoir. So that only movement of water would take
place the reservoir wae firmly anchored in a heavy lead block
welghing about 2 cwts. Tue water displaced from the steel
reservolr passed along a glass tube of fine bowe, to which
was fixed a graduated scale. By this means any change in
volume in the specimen due to heating waes consliderably
magnified. If necessary,the instrument can be calibrated

by determining the dilatation of a copper specimen since the
coefficient/
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coefficient of expansion of copper is accurately knowne. In
the present case that was not necessary. The temperature of
the specimen was measured by means of a Platinum Platinum-
Iridium couple, thie belng standardised before use. The
temperature in the majority of cases was measured as the
e.mefe of the couple, thies being obtained by means of a
Tinsley Vérnler Potentiometer. By taking dilatation measure-
ments dn the scale for equal incremente of temperature the
rate of change of dilatation with temperature can be obtained.
Five alloys were carefully analysed by this method. These
were 80 chosen as to gilve the dilatation curves for the 3
Phases in the following manner: alpha, alpha and beta, bete,

andgemme,
bete and gammg;.The curves are shown in figures 18 to 20

inclusive.
The most striking feature of the curves 1ls that whilst

the curves for the alpha and gamma alloys are linear, that

for the beta constltuent showe a considersable divergence from
a slmple linear function throughout 1ts course. The change

of direction over the transformation range was not sharp and
sudden as 1e the case in steels but was gradual, though
nevertheless clearly marked. The chahge t00k place over a
considerable range of temperature. It began at 33000. and
continued up to a temperature of 475°C. That it is not

merely a change}due to the specimen softening is clearly

shown in Figure 18. Here it is shown that the cooling curve
retraces practically the steps of the heating curve. Further-
more this change 1s one which does not compl‘et;eel:at any
temperature below 470°C, even after prolonged soaking. See fig 18,
In curve (c) the specimen was soaked for 3 hours at 480°C.

On heating it showed the same lncreased rate of expansion

up to 4?5°c. and then gave the coefficlent of expansion of

the solid solution. In curve (b) the time taken to pass

over range from 330°C. to 475°C. was & hours which 1s a very

glow rate of heating and yet the curve is similar to that of
{a) in which the time of heating from start to finish occupied

only/
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only 1 hour 10 minutes.

In Figure 21 the ordinates are obtained by taking the
amount of the change of expansion in the specimens over the
range of temperature from 330°C. to 475°C., i.e., they represent
the rate of change of the coefficient of expansion over this
range. As 1s seen by imnspection of the curves the rate of
change of expansion is zero at all points except within this
range of temperature in the speclmens which contain the beta
constituent. Moreover as Figure 21 clearly demonstrates, the
rate of change is greatest when the amount of beta is greatest
and consequently must be intimately comnected with it.

A beta alloy containing 53.4% of copper in suitable form
wae quenched in water from 800°C. and the dilatation curve
determined. From the quenched state the type of curve obtained
is very different from the annealed curve. Such a curve is
.shown 1in Flgure 22. It will be observed tQat the curve rises
in linear form very rapidly up to 300 m.SZZ.C)Frm this tempera-
ture to 330°C. the curve follows the completely amnealed form
and at 330°C. shows a gradual increase in rate of expansion
up to a temperature in neighbourhood of 500°C. Excepting
that the upper point 1s somewhat ralsed, the curve follows
very closely that of an annealed specimen from 300 millivolts.zavo*.
The direction which the annealed curve follows below this
temperature is shown by a dotted line. It is to be observed
that the actual dilatation curve is much below this line at
ordlnary temperatures. This curve bears out the results
obtained in the density determinations of quenched beta
alloys, the quenched alloys having‘been roﬁnd to have a
higher density than the annealed specimens. It is to be
expected that the degree of thoroughness of the quench will
determine the results obtalned.

The result of the investigation of the variation of the

coefficient of expansion with temperature was surprising and

was not in good agreement with either Carpenter and Fdward's (1)
‘view/
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view of the change which necessitated a ﬁnirorm expansion to
the neighbourhood of 475°C. or with Hmdson's (3) idea of a
polymorphic transformation. The gradual change extending over
a range of 140°C. and not completing itself on prblonged soaking
within the transformation range, seemed very perplexing.

It was deemed desirable to do a little work somewhat along
the lines of Hudson?o For this purpose a rod of pure copper was
inserted into molten zinc and maintained in the zine bath at
a temperature of 500°C. for varying periods of time. After
the first day a plece of Copper rod was cut off and the rod
replaced. Altogether the experiment was carried out for a
perlod of 4 days, a plece being cut off the rod at intervals,
heatlng continuously throughout the 24 hours. Photo-micrographs
of the two typical sectlions are shown in Figures 23 and 24.
These merely show a ring of white brittle gamma which changes
a little in colour, then a marked change to a yellow band of
beta,followed by another sharp change to alpha which gradually
passes t0 Copper.

A eimilar experiment was carried out at 4@0°C. which gave
precisely similar results. Figures 25-26 show the appearance
of the various sections when examined microscopically. This
bears out the work of Hudson.

As pure Copper and pure Zinc under diffusion gave no
. definite clue to the phases involved in the 470°C. change
point, the yellow band in both experiments appearing exactly
alike, an endeavour was made t0 obtaln some microscopic
difference in another way. For this purpose an alloy contain-
ing 35% zn had a hol@ drilled into it to a depth of about one
inch. Into thie hole was rammed powdered gamma’ constituent
containing 681% Zn. This specimen was carefully heated to 440°C.
and maintained at thlis temperature for a number of houre. On
examination the results were the same as before - a yellow band
of beta had been formed round the edge of the hole in the 354
gn alloy. see f/¢ 27

1t/
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It is of iunterest to note that Masing (30) has carrled
out similar work and obtained the same results. He heated
together at 400°C. for 20 hours chips (spine) of alpha and
gamma and on micro-examination obtalned a golden yellow con-
atituent between the remaining alpha and gamma partliclese.
This he ldentified as beta. He showed that on heating the
game compounds at 200°C. for a very long time - 118 hours -
a very thin film of the yellow beta was formed.

Attention was now turned to Carpenter's (31) work on
the influence of speclal elements upon the beta change at
475°C. In his classical paper 1in 1912 the most remarkable
result is undoubtedly the effect of 2.9% Bismuth upon the
change. This addition caused a complete breakdown of the
beta into alpha and gemma constituents while lesser or greater
quantities of Bismuth either were not so effective, or gave
practically no resulte.

The following experiments were carried oute To a beta
brass containing 52% of Copper were added small quantities
of Bismuth, Vanadium, Entlimony and Tin. The alloys were
annealed and very slowly cooled in the furnace. They were
them microscopically examined. The resulis are set out 1in

tabular form below.

Amount of Added Element. Microscopic Appearance.

0.5 per cent of Bismuth. Uniform beta; this small quantity
had no effect upon the stability
of the beta phase which confirms
Carpenter's observation.

0.5 per cent of Antimony. Uniform beta.

0.6 per cent of Vanadium. A very fine duplex structure.
Carpenter found that Vanadium
was very active in bringing
about the resolution of the
beta into alpha and gamma.
Structure 1s shown in Figure 28.

0.6 per cent of Tin. A very fine duplex structure
similar_to rrevious example.
1.0 per cent of Tin. Butectold structure is very
: clearly developed as shown in
Figure 29.
2.0 per cent of Tin. Eutectold structure is still

more fully resolved.
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Even more striking is the result obtained by Helke and
Ledebur (32). Thesé workers obtained complete resolution of
beta into alpha + gamma by the addition of 159 of Manganese
to a beta alloy. They also showed that by adding 15% of
Manganese t0 an alloy contalning 45% Copper that the gamma
primary crystals were obtained 1n a groundmass of eutectold,
and simllarly by adding 15% Manganese to an alloy containing
83% copper, large primary alpha crystals were got in an eutect-
oid bacikground. These experiments further supplement Carpenter's
(51) evidence that it is actually the beta constituent that is
broken downe. Moreover their work brings out this point, that
the amount of the added constituent is of vital importance.
Carpenter (31) tried the effect of Manganese in his experiments
but did not use more then 5% of Manganese in his alloys. He
found that Manganese had no effect on the stability of the
alloy. Had he tried 15% he would have got the same thing as
he found with Bismuth.

In Masing's work (30) record is made of an experiment
along similar lines but as he used 5% of Aluminium and 3%
of Tin it is not very convincing but is useful corroboration
of the previous examples. He took a Copprer alloy containing
3% of Tin and 6% of Aluminium, and drilled a hole in it. Into
this he put Zinc and heated the specimen for B hours at 450°C.
He obtained a broad band of gamma between the dark Zinc and
the gray Copper alloy. Repeating the experiment using pure
Copper in place of the alloy he got a broad band of gammsa as
before but between the gamma énd the copper (it would really
be alpha at the zinc side) there was a distinct narrow yellow
band of beta.

The results of the experiments upon diffusion at various
temperatures and of the}influence of added elements apparently
leads to what at first sight appears a paradox. It would appear
from the diffusion experlments that the polymorphic version is
correct and that alpha and gamma do not exist together as the
stable/
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stable phases at low temperatures whereas the experiments with
added elements show that provided the correct subetances are
added, and added 1in the right amount, the beta constituent
can be resolved into alpha and gamma. The latter statement
clearly points to the view that the added element, say Manganese,
allows of the separation of the particles by possibly reducing
the surface tension. It seems most probable that below 470°Co
the oconstituents are present in a very finely divided state,
of dimensions under microscoplic size, and that, in fact, we
have a colloidal solution. Mere soaking alone will not cause
these particles to coalesce, due, very possibly, to the elec-
tronlic conflguration of the particles, or may be to the fact
that the particles carry a change #%though this is not necessar-
1ly the case. M'Bain's (33) work in soap solutions gives
definlte evidence of the fact that we can have electrically
neutral colloidal particles. The effect of thé added element
1s to alter the electronic configuration so as to allow of
coalescence - in other words, to alter the surface forces or
surface tension. Giol‘tt‘ has recently suggested that the
action of Menganese in steel is of the same order, }hat is,
it alters the surface tension at the non-metallic/é%eal
interface and so allows of impurities rising more readily
to the surface in the ingot mould.

The vapour tension of Zinc hes been calculated by Richards
(35) who found that even at 248°C. zinc has a vapour tension of
0.0002 meme of Mercury in vacuo. Thus, even at very low tempera-
tures Zinc has quite an appreciable vapour temnsion. The values
for the vapour tenslon of Zinc for the various Copper Zinc alloys
have not been computed in terms of m}llimetres of Mercury but
from the work of Turner and Thormeycroft (38) it can readily
be seen that in the Zinc rich alloys the vapour tension must
be considerable. Thelr figures show that the loss of Zine
in the gamma alloy 1s conslderable at 460°C. whilst at the

same temperature the loss of Zinc in the alpha constituent

is/
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is negligible. Thus where gamma Or Zinc is used in diffusion
experiments the vapour tension of the Zinc may be a very
momentous factor in bringing about the result produced.

That diffusion takes place through the medium of the
vapour phase has been shown by Andrew and Higgins (37). 1If
the case of two substances A and B be considered in a general
way,A will diffuse into B and B 1nto A but not necessarily at
the same rates. Fach will advance at a characteristic rate
of ite own,which will be a function of the vapour tenslon.
Desch in hie presidential address to the Chemistry section of
the British Assoclation, 1925, stated that it had been shown in
his laboratories that Copper diffuses into Nickel 20 times faster
than Nickel into Copper. Similarly from a study of the vapour
tenslons it should be expected that Zinc will difrﬁse into
Copper at a very much faster rate than Copper will diffuse 1into
Zinc. In the case of the experiment of the Copper rod in Zinc
?he centre portion of the Copper rod still had the appearance
of Copper and only gradually changed to a brass colour. The
changes observed are shown diagrammatically in Figure 30.

From the edge of the Copper zone the concentration of
Zinc gradually rose until saturated alpha was reached. Then
the golden yellow, clearly defined beta zone made its appearance.
The Zinc atoms, that 1s Zinc vapour, as opposed to solid Zine
with its lattice, must necessarily have advanced over this zone
80 that the concentration in Zinc gradually rose until the gamms,
made its appearance. Similarly over the white brittle gamma,
zone a variation in concentration must have existed from free
Zinc at one slde, through the compound with Zine 1in solution.
The widths of the bandes (or amounts of the phases) formed will
naturally be controlled by the vwariation of the vapour tension
of the different phases. Moreover temperature will play an
important part in the amount of the various Phases found as
the vapour tension of the zinc, and to0 & much lesser extent

of the Copper, will vary appreciably with temperature. This

is/
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is well shown in Figures 28 and 26.

It 1s now easy to understand why BHudson failed to obtaln
elpha + gamma when soaking either Copper or 70/30 Brass in Zinc
at 4509C. and why similar experiments in the present work also
produced only the yellow beta. It ie more difficult to explain
why Carpenter succeeded in resolving beta at a temperature of
450°C. and why Hudson should have falled when repeating the
experiment. Assuming that both experimenters used pure materials
the only availablé explanation is some difference 1n pressure
as the temperatures were the same both cases. No detalls are
glven upon this point. 1If, in one casg::tube was not evacuated
then there would be an increase in pressure of 2% times the
initial state. How far this might affect the results it is
difficult to say. It is worthy of mention that Carpenter and
Edwards in their original paper state that the specimens were
heated to a temperature of 360°C., & temperature at which the
vapour tension of Zinc in the alloy will be very small. The
physical properties which have been experimentally investigatéd
point, very decidedly, to the fact that the 470°C. change in
the beta phase is a gradual one. Further evidence on this
polnt is found in Figure 3i in which the figures obtained by
Doerineckel and Werner (38) for the Specific Heats of alloys
of varylng composition are plotted. In both the cast and
annealed states there is a marked change in the direction of
the curve between 400° and 500°C. Moreover the curve commences
to rise at 330°C. and then rises more rapidly as the temperature
of 470°C. is approached, the change in the case of the "tempered"
alloy completinglitself at about thle temperature. It is also

to be noted that,as'the change approaches completion more and

more energy is required.to bring it about. /
The work of Hiroshi 1Imal (4) adds further proof of the
gradual nature of this change. From a study of reslstivity-
temperature measurements Imal found that the rate of change
of resistivity increased as the amount of beta increased.

His/
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Hie explanation of the phenomenon is that 1t is neither‘of
the eutectoid type nor of the polymorphic transformation
order but is similar to the Ay change in iron. He found that
on soaking in the transformation range for 80 minmutes 1t made
no change on the resistlvity; that is, the change did not
complete itself, a point which has already been referred to
in the dilatation studies of the beta brasses. Ima‘ assumes
a change in the gamma phase,aimilar to that in the beta range,
from his resistivity curves although his thermal work 1s un-
favourable to this view. To get over this difficultyhe assumes
that the thermal effect accompanying the transformation of gamma
is very esmall compared with that of the beta transformation.

That this change in beta is due to a magnetic change 1s
not well supported by the dilatation curves. In pure Armco
Iron in which the A, change is very much more pron&unced there:
is, at most, only a very slight change in direction due to the
Ag transformation; that 1t 1s very much smaller than that of
the beta alloy is shown in Figure 32.

All evidence would appear to rule out such explanations
as & simple eutectold change, a polymorphic transformation and
a magnetic transformation. There still remains the possibility,
already referred to, of the change being of aneutectold nature
but the separating phases of the eutectolid being in the colloidal
state. This idea was first suggested by Profeesor Andrew as a
result of the study of the dllatation curves and ihis view has
already been shown to be supported by the work of Carpenter
and Masing on the effect of additlonal elements on the beta
constltuent. If this suggestion be correct’then it 1s highly
probable that the electronic configuration could be upset by
submitting a specimen to the influence of a current of suitable
voltage. Experiments were conducted along these lines and the
results of treating an alloy contalning 53% Copper with alternat-
ing current at 400°C. is shown in Figure 33. This structure
was reproduced, in all, ten times on different specimens of
the same composition.

In/
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In these experiments the method adopted was to heat a thin
rod of about 4 inch diameter in an electric furnace to 400°c.

The furnace was maintained at this temperature for a few hours.
The specimen was connected to the secondary circuilt of an induct-
ion coil gliving about 50,000 volts and was subjected to the
influence of this current while 1t was 1n the furnace. The
specimen, after treatment, was cut in two pleces and one plece
polished for micro-examination. The cut face was alwaye polished.
In order to obtain a well-defined structure it was found very
helpful to rub the specimen lightly on the hand after etching.
The e{iing reagent used was a mixture of ammonia, ammonium
persulphate and hydrogen peroxlide. No doubt the reason why

the gamma did not sppear so evident after etching alone, was

due to the fact that a thin film of Copper was deposited on the
gamma particles. It was repeatedly observed during the electro-
lytic potential determinations of the gamma alloys that Copper
was deposited very rapidly on their surface when immersed in
copper electrolytes. Therefore it 1s to be expected that the
copper which immediately goes into solution from the alpha phase
of the alloy on etching would be precipitated in small amount on
the gamma constituent.

The duplex structure was obtained on one occésion by treating
the specimen with direct current but it was not well resolved.
Prolonged soaking at 44000- without treatment did not produce
this duplex structure.

A new beta alloy was made and on analysing at the end of
the treatment was found to contain 53.8% of copper. On this
occaslon the bar was half an inch in diameter and 2% inches
long. A lower jemperature of soaking was adopted in this case,
namely 330°C. Soaking alone at this temperature produced a
very fine duplex structure but by treating the specimen at 330°C.
with alternating current for 12 hours a very much better resolved

structure was obtained. Figure 34 shows the appearance of the

specimen after etching. This specimen was next heated at 700°¢.,
maintained/
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maintained at this temperature for 20 minutes and then slowly
cooled in the furnace. Figure 35 shows the structure obtalned
after cutting, polishing, and etching the specimen. It is noted
that the structure is that of the usual beta brass, showing
large apparently uniform grains. Figure 38 shows the micro-
structure of a plece of the same specimen after treatment with
alternating current at a temperature of 330°C. for 2 days
continuously. In thls case the specimen was not rubbed on the
hand as the gamma constituent,being very massive,was easily
distinguished.

Another alloy was cast and this time it contained 52.1%
of copper. Like the previous alloys it was annealed until
all cast structure was obliterated and then treated as already
described at a temperature of 300°C. In this case the duplex
structure was visible under high magnificatione but the con-~
stltuents were not as well resolved as in the earlier specimens.

It has been shown that the beta comstituent of the Copper-
Zinc series 1s of a colloidal nature and this explanation is in
full eccord with the experimental data. It has been shown that
quenching increased the hardness of these alloys. This is due
to the presence of the finely dispersed particles whereas in
the slowly cooled alloy, although the particles are still sub-
microscopic, they must be very much larger than in the quenched
state. This 1s exactly parallel to the phenomena in steel. It
is now generally accepted that alpha iron is the basis of marten-
site. Martensite 1s very much harder than the so0lid solution
Austenite, and it is now being advanced by Baln (39) and others
that Martensite 1s a colloldal solttion of very finely dispersed
carbide of iron in alpha iron. The colloidal view is also borne
out by the following experiment. A quehched 0.71% carbon steel
was subjected to alternating current treatment at room temperature
in the same manner as described later undér Duralumin, and its
Brinell hardness was reduced from 850 in the quenched state to

660 after treatment. Troostite is generally regarded as being
of/
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of a colloidal nature because the carbide of iron 1is sub-
microscopic, yet it is much softer than Martensite. The
fundamental difference between the two constituents lles in
the degree of dispersion of the separating phase and is thus
parallel to the case of the beta brasses.

The reascon for the gradual change in the direction of the
diletation curves of the beta alloys now becomes evident. The
very finely dlvided particles of the separating phase will go
into solution at & lower temperature than the more massive
material eo that, from about 330°C. to the change point at
4759C., the separated material will go gradually into solution
and s0 cause & change 1n the coefficlent of expansion. This
will also account for the gradual increase in resistivity over
the same temperature fange which was observed by Iamal (4).

The thermal analysie of the beta brasses by Roberts Austen
(2) and by Matsuda (40) add further weight to this view of the
470°C. change point. In Figure 3B are plotted the results
obtained from their work. It will be noted that the change
point is gradually depressed from 475°C. to 450°%C. as the
copper content of the alloys 1s increassed. The significance
of the gradual depression of the point of maximum thermal
effect is that the transformation has been lowered and this is
brought about with increasing copper content. It would seem
highly probable that 475°C. represents. the true equllibrium
change poinf but that, as the amount of the gamma constituent
becomes less, it (the gamma) will be present in a more disperse
state and so further lower the change point. That the degree
of dispersion has a marked influence upon the phase 'change point
has been shown by various workers. P.Pawlow (41) found for
Tinely powdered Salol, and Antipyrin that, with very small
individual particles, the melting point was 7°C. below that
obtained when using larger particles.

From the foregoing study of the Copper-zinc syetem the

most lmportant polntes which have emerged are:-

1/
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The addition of Zinc up to 10% to Copper causes a very
marked strain in the lattice but further additions do
not produce any appreciable increase in the strain.

The transformation in the beta constituent at 470°C. 1is

of an eutectoldal nature but the separating phase 1s in
the colloidal ‘state.

Quenching of beta alloys produces increased hardness, which
increases with the severity of the quenching.

Evidence was produced to show that CugZnz 1s not the formula
of the intermetallic compound of the gamma range. It was
shown to lie at about 33% of Copper whence CuZng more
nearly approaches to the formula of the compound.

The denslty of the delta constituent is less than the
density of the eutectoid mixture of gamma and sepsilone.

A sharp minlmum was observed on the density-composition
curve at 13.5% of copper thus confirming the work of
Bamford (22). This point marks the position of the com-
pound Cuzng; whose space lattice pattern 1s of the hexagonal
form and so differs wildely from that of the gamma compound
which has a lattice of the cube centred type.

The addition of Copper to Zinc produces the same result as

adding Zinc to Copper, namely it causes a strain in the

lattlce of the Zinc.
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Table I.

% Cu. % Zn. Deflection of Tan.of half  E.M.F. in
Galvanometer. angie of volts.
Deflection.

100.00 ' 0 43 0.0188 0.183
91.92 8.08 34 0.01858 0.130
86575 14;25 40 0.0184 0.150
72.99 87.07 43 0.0188 0.153
88.70 33« 30 47 0.0128 0.178
49.32 40.88 &6 0.0253 0.208
27.99 72.07 118 0.0529 0.432

753 92.47 203 0.0939 0.788

0.0 100.00 234 0.1763 led4d



% Cu.

100
75
54.4
50.5
49.3
47.2
46.1
43.9
41.7
37.0
38+5
35.9
33.8
303
292
28.0

Table II.

% Zne.

45.8
49.5
507
62.8
53.9
68.1
58+3
83.0
83.5
64.1
68.2
69.7
70.8
72.0

E.M.F. in
volts.

=0+ 200
=0. 200
+0.040
0.070
0.070
0.075
0.085
0.070
0.080
0.086
0.085
0.160
0.530
0.870
0.800
0.880
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Table III.
(calculated by author)
Atonic per- Atomic per- Potential Electro-motive force
centage of centage of Difference between Alloy and_giZn-So4
Copper in Zn.in Alldy. 1in milli- assuming Zn/N Zn. |
Alloy. voltse S0, to be
5 volts.
10.3 89.7 5.4 «51486
18.4 83.8 5.2 «5148
3.5 76+5 53 «5147
%0.99 89.01 5.7 «5143
33.97 66.03 ~288.0 - 208
397 60.3 728.0 » 208
45.7 54.3 784.0 « 284
§0.8 49.2 932.0 412
6007 5903 100000 0480
7663 23.7 1020.0 500
100.0 Q. 1130.0°¢ «810



Table Iy. 5C.
(caloulated by author)
Atomlic percentage Potential difference Electro-motive force
of Copper in Alloy. in miliivolts. between Alloy and
Zn.S04 assuming zn/i-
Zn-SO4 to be 520 volts.

100 1010 - 490
90 960 <440
86 960 <440
80 960 <440
75 985 ’ «485
70 1000 480
88 960 440
85 918 +398
62 920 «400
57 918 .398
56  em 401
83 835 . 315
50 800 . . 280
47 800 . 280
43 800 . 280
40 800 . 280
37 730 . 210
36 722 202
38 545 | <025
32 39 481
30 24 <496
23 28 <492
20.68 30 490
20 38 482
19 28 492
18 14 483
17 33 487
16 40 480
16 26 494
13 -3 <523
12 -7 527
11 -3 .52%
10 -3 <523

6 -3 523



Iable V.

Molar % Zn.s04. # Cu.SO04. Calculated on assumption
Concentration. that complete dissocliation
at <0001 Mok, Cone,
for ZDOSO4- for 0'00504'

0001 109.53 113.3 1.0 1.0
0002 107.2 111.1 0.98 0.98
0005 103.1 108.8 0945 0.941
001 98.4 101.6 0.90 . 0.897
.002 92. 2 93.4 0.844 0.825
.005 82.0 81.5 0.75 0.719
.01 73.4 72.2 0.6871 04635
.02 84.8 83.0 0.593 0.555
.03 59.5 57.4 0+545 0.505
<05 53.3 651.4 0.489 0.454
o1 46.2 45.0 0.421 0.398
.2 40.1 89.2 0.366 0.348
.3 36.8 5.5 0. 337 0.313
-5 32,3 3048 0.296 0.272

1.0 288 5.8 0242 02275



Cast Marke

A.
Be
Ce
De
E.
Fe
Ge
Ho
I.
Je
Ko

Table VI.

1st Series of Alloys.

Conmposition.

Percentage of
Copper.
89.7
8l.4
69.8
80.1
49.1
45.0
433
40.5
39.5
27.8
25.2

Percentage of
Zinc.
10.3
18.8
30.4
39.9
50.9
65.0
567
9.5
80.5
722
74.8

Atomlc Percentage
of Copper.

90.0
8240
89.9
80.0
49.5
45.4
43.8
41.0
40.0
28.3
25.6
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Table ViI.

Hg/Hg Cly in KC1 %/zig Kleg Cu.S04/ Alloy.

No.of Alloy. Sign of Calomel Potentiometer Electro-motive Force

Cell. Reading in between alloy and-%—
volts. Cu.S04 solution.
Ae negative. «029 .EQQ
Be negative. «028 .588
Ce negative. 028 -586
De negative. <012 572
E. negative. «010 «570
Fe negative. 008 588
Ge negative. .007 «567
He. positive. <024 «538

I. positive. «040 520
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Iable VIII.

Hg/HgoCly in ;11 Kcl/§ Kcl/glc_ Zn.s04/ Alloy.

No.of alloy. Sign of Calomel Potentiometer Electro-motive Force

Cell. Reading in  betweeh alloy and ¥
Volte. Zn.sS04 solution.
Ae positive. 083 497
Be positive. «080 «500
Ce positive. <083 <497
De. positive. .087 473
E. positive. « 205 « 355
I. positive « 310 « 250
Je positive. 778 « 218
K. positive. «845 « 288
ZNe positive. 1.0838 «5035

Cu. positive. 07 *490



Cast Marke.

1.
2.
3.
4.
6.
8
7.
8e
Qe
10.
11.
12.
13.
14.

Table ‘TX.
gecond Series_of Alloys.
Compositione.
Percentage of Percentage of

copper. Zinec.
965.0 6.0
90.0 10.0
85.0 15.0
80.0 20.0
78.0 4.0
87.4 '82.6
56.0 44.0
63.0 47.0
48.8 51.2
465.9 54.1
40.2 59.8
37.0 83.0
35.0 85.0
34.0 88.0
32.0 68.0
27.8 72.2
18.3 81.7
18.0 82.0
16.9 83.1
15.8 84.4
13.58 86.42
13.5 868.5
8e3 91.7
2.8 97.2
2.0 98.0

Atomic Percentage
of Coppere.

95.15
90. 26
85¢3
80.4
78.5
68.0
58.4
53.4
49.2
46°5.
40.8
375
35.4
34.5
32:.4
28.2
18.7
18.4
17.3
18.0
13.9
13.8
8.7
el
2.2



I&ble zo

Hs/n32012 in KC1 §/§ Kc1/§ Cu.so4/A110y.

Foe. of Alloy. Sign of Calomel Potentiometer Electro-motive Force

Cell. Reading in between alloy and-T-
Volte. Cu.S04 solutione.
Coppere. negative. 025 «585
1. negative. «030 «590
2. negative. «033 «593
Se negative. «030 «590
4. negative. 028 .588
5. negative. .027 .587
8. negative. 0256 585
7. negative. «017 877
8. negative. «01256 5725
9. negative. .00 580
10. positive. «004 558
11. positive. .023 537
1a. positive. 84 «080
17. ‘ positive. «768 «198
19. positive. «81 « 250
22 positive. .82 « 280
4. positive. 94 « 380
25. positive. .93 « 370

Zinec. positive. 92 « 380



Table XI.

57

Hg/Mg C1 in § KC1/§ KC1/N Zn.SO,/ Alloy.
1 1 1

No. of Alloy.

Copper.
2.
Se
4.
5.
8.
7.
8.
9.

10.
11.
12.
13.
14.
15.
18.
17.
18.
l9.

2l.
22
23.
4.

Zn.

Cell.

positive.
positive.
positive.
positive.
positive.
positive.
positive.
positive.
positive.
positive.
positive.
positive.
positive.
positive.
positive.
poeitive.
positive.
positive.
poaitive.
positive.
positive.
positive.
positive.
positive.
positive.
positive.

Sign of Calomel Potentiometer

Reading in
Volts.

» 088
<071
062
«052
«080
« 068
081
<089
«180
«192
« 360
« 2956
« 390
+870
+850
«862
* 925
«953
1.048
1.028
1.020
1.013
1.078
1.074
1.068
1.084

Electro-motive Force
between alloy and 4-
Zn.s0, solutlon.

+ 490

489

«6508

508

«500

«602

«499

«471

+400

« 388

«+210°

. 285

<170

«110

« 290

« 292

« 385

« 393

+456

488

<460

453

-518

«514

508

504



Iable KL;'

 Hg/HgCl, in % KCl/g KC1l/N Zn.S04

. Noe of alloye.

Coppere.
2.
3.
4.
5.
8.
D.
8.
9.

10.
16.
19.
21.

5.

Zinc.

Cell.

negative.
negative.
negative.
negative.
negative.
negative.

negative.

negative..

positive.
poeitive.
positive.
poeitive.
poeitive.
positive.
positive.
positive.

l +
! Cu.s0
1 4

Reading in
Volts.

.025
.083
030
.027
.025
.019
.0085
.0085
.004
.015
.885
.860
.874
1.039
1.037
1062

/ alloy.

between alloy and
mixed electrolyte.

+585
<593
«590
«587
.585
<579
+5685
5686
558
+545
.125
. 300
«314
«479
477
«502

5{‘0

Sign of Calomel Potentiometer FElectro-motive Force



Table ZIII.

Cell:- Hg/H52012 in % KCl/% KCl/g Cu.S04/ Alloy.

No.of alloy. Composition of Allof. Potentiometer Electro-motive Force
’ Reading in between alloy end

Volts. § Cu.s04.
%age of %age of Quenched.Annealed.Quenched.Annealede.
Copper. Zince.
3. 85.0 15.0 «030 « 030 «590 «590
4. 80.0 20.0 .028 .038 .588 +588
Be 87.4 BR«8 024 026 <584  .B85
8. 53.0 47.0 «018 «014 578 «574
Sa. 53.4 46.8 «0185 <0125 - 5785 «5725
Qe 48.8 8l.2 «008 «000 «588 «560

Cells~ Hg/ngclz in } KC1/§ KC Cu.S0, )
1 l and Alloye.

Zne« SO
1 4

Composition of Alloy. Potentliometer Electro-motive Force
Reading in between alloy and
Volts. mixed solution.

% Cue % Zn. Quenched. Annealed. Quenched. Annealed.
5340 47.0 .0085 .0025 .5885 5825
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Table XIV.
cast Mark. Per cent Per cent Density. Specific Volume.
Copper by Zinc by
welght. welight.
2e 90.0 10.0 8.7700 0.1140
Se 85.0 15.0 8.8935 0.11581
4. 80.0 20.0 8.85689 0.1178
B 78.0 24.0 8.56593 0.1189
6. 674 32.8 8.4434 0.11856
De 60.1 39.9 83720 0.1195
7 66.0 44.0 843282 0.1201
8. 53.4 46.6 8.2992 0.1205
Qe 48.8 Bl.2 8.2219 0.1218
10. 45.9 654.1 8.1940 0.1220
Special. 43.3 5647 8.1209 0.1232
Specilal. 40.6 659.4 8.0822 O.l241
: B 40.5 59.5 8.0511 0.1242
1%2. 37.0 83.0 8.0382 0.1244
13. 3540 85.0 7.9803 | 0.12553
14. 34.0 688.0 7.9640 0.1287
15. - 320 68.0 7.9071 0.1285
Special. 29.0 71.0 7.7938 0.1284
18. 27.8 72.2 7.7305 0.1294
17. 18.3 81l.7 7.3912 01353
18. 18.0 82.0 73280 0.1387
19. 16.9 83.1 7.1421 0.1401
20. 15.8 84.4 7.1847 0.1396
<l. 13.68 86.42 89732 0.1434
<2 8.3 91.7 7.4413 0.1344
Specilal. 7.8 92. 2 7.4292 0.1348
23, 2.8 97.2 7.1824 0.1393

4. 2.0 98.0 7-.1930 : 0.1390



Alloy.

Per cent Per cent
Cu. Zne.
29.0 71.0
29.0 71.0
29.0 71.0

Table XV.

delta range.

Quenchilng

medium.
cast

annealed

quenched

Deneity.

7.7790
7.7936
773086

specific
Volume.
0.1286
0.1284
0.1204



Alloy.

Per cent Per cent
Cu. Zne
80.1 399
63.4 468.6
53.4 48.8
63.4 48.8
653.4 46.8
53.4 4B8.8
53.4 46.8
53.0 47.0"
48.8 5l.2
45.9 54.1

Table XVI.

Quenching Experiments.

Quénching
medium.
lced brine
iced brine
iced brine
iced brine
water
water
water
water
water

water

Density.

8. 3892
843737
8.36824
8.3611
843585
8. 3649
8.3442
8.3388
8.2258
81940

Specific
Volume.
0.1192
0.11956
0.1196
0.11986
0.1197
0.1197
0.1198
0.1199
0.1218
0.1220

* S P et
2, S e

e D s

Y] 20

Annealed Valu®
of Specific
Volume.

0.1195

0.1205

 0.1205

0.1217
0.1220



Cast Marke.
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Special.
12.
13.
15.

Special.
17.

Special.
19.

Special.

21,
Special.
Special.

Per Cent Copper Per cent Zinc Shore Hardness Number.

Table XVII.
by weight. by welight.

90.0 10.0
856.0 15.0
80.0 20.0
78.0 4.0
87.4 32.8
60.1 39.9
568.0 44.0
53.4 468.8
48.8 6l.2
46.9 54.1
39.0 6l.0
37.0 83.0
36.0 85.0
32.0 88.0
29.0 71.0
18.3 8l.7
18.0 82.0
18.9 83.1
15.8 84.4
13.58 86.42
13.6 868.5
1l.8 88.4
8.3 91.7
7.6 92.8
2.8 97.2
2.0 98.0

(Magnifier Hammer).
15.5
16
18
18.5
17.0

22
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Ia.‘ble x!II; .
Per Cent Copper Per cent Zinc Treatment. Shore Hardness Number-.
by weight. by weight. (Magnifier Hammen).
63.4 46.68 As caste. -~ 27
§3.4 46.8 Annealed 4

53.4 48.8 Quenched 31
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Alumintium alloys containing small quantities of copper up
to about 47 and also small quantities of magnesium, usually
about one half per cent, have been the subject of much
research work in recent years and also the cause of much
theoretical speculation. The reason for this state of
affairs is thdt these alloys, known by the name of Déralumin ’
have becomg alloys of considerable practical importance,
Moreover they possess the pecullarity of greatly improving
in their mechanical properties with time, & phenomenon now
designated as "age-hardening."

As a result of a long series of brilliant researches by
Gaylgglgt the National Physical Laboratory, it is now
definitely extablished that the solubllity of the compound
CuAlg varies greatly with temperature, being much more
soluble at higher temperatures than at room temperature,
and that this change in solubllity is bound up with the
increase in mechanical properties on ageing, Moreover she
has shown that the compound Myzsi also plays an important
part in the age-hardening of these alloyw, functioning in a
manner similar to CuAlg.

Whilst it hes been shown that age-hardening is a direct
function of the Myp,S1 céntent of duralumin, the hardness and
other properties increasing with the amount of this substance
up to about 1% and also that the Cuil, functions in & similar
manner,’though probably not so effectively, yet the physical
explanation of the increased hardness is not understood,
Certalnly 1t is agreed that the particles must be small
which separate although exact‘physical data showing that
bthese have actually separated is lacking, Admittedly,
except by assuming separation, it is difficult to account
for the gradual but steady inserease of hardness with time

of/
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of the original quenched alloy.

Arising from the work already carried out on the
transformation in Beta Brasses it appeared very highly
probable that the mechanism of age-hardening of duralumin
alloys was of the same type, namely, that the hardening was
brought about by the deposition from solution of the MgZSi

and CulAl, in a state of critical dispersion or, in other

2
words, in the colloidal form, It was realised that
microscoplical evidence would not be aso convincing in this
case,as 1in that of the CuZn alloys, so that recourse was
had to a survey of a number of physical determinations,
in the hope that they might shed some light upon the problem,
By the way of a preliminary survey a number of
heating and cooling curves of duralumin were carrled out on
differently treated specimens, At this early stage it
should be mentioned that all specimens were cut from the same
rod of duralumin, a 6 fpot length of 1" diameter, commercial
material being used, The temperature was measured by a
previously standardised Platinum Platinum-Iridium thermo-
couple and a Tinsley Vernier Potentlometer, Great care
was exercised in the experimental determinations so that any
evidence of the type of change should not be overlooked.,
Figure I-shows the curve obtained for an annealed piece
of the duralumin. The heating curve is practically smooth,
there being no sign of sudden selution of the separated
phase, That a portion of it has actuelly gone into solution
is evidenced by the cooling vurwe on which an evolution of
heat 1s marked at 350°C. For the cooling curve determination
the current was switched off when a temperature of 520°¢
was attalned, there being no period of soaking at the maximum
temperature;
Figure 2 depicts the cooling curve for the same alloy as
before but this time it was soaked for a longer period at |
the/



60

the high temperature., On this occaslon the change point is
much larger indicating a larger deps 1tion of the compound.
Moreover the temperature of maximum deposition 1s somewhat
higher than before,occurring at 36500. Whether this

point represents only the position of maximum deposition,

the intermetallic coypound being deposited continuously

in small amount over a range of temperature, or whether it

is all deposited at this point, 1s not indicated. Another
specimen was heated to 520°C, soaked at this temperature for
half an hour, and then quenched in water. The thermal curve
was taken immediately after cooling. The heating curve

(see Figure 3) shows a small break at 180°C and a much more
pronounced break at 28000. This curve 1s in very good
agreement with the curve of Gayler (2) for a similarly
treated alloy. Further it is worthy of note that at 350°C
there is a sudden change in direction, this indicating an
absorption of heat, as against the marked evolution of heat at 280%.
At 480°C there is another very marked change in the direction
of the curve, Here 1t 1is suggested that the remainder of
the compound goes into solution while the uniform rise in

the curve from 480°C to 515°C appears to be due to the
uniform rate of heating in the solid solution range., The
specimen was soaked for a short time at 510°C and then

cooled very slowly in the furnace with the heating current on,
At 45600 the current was cut off and the specimen cooled in
the furnace, readings.of time and temperature being recorded.
In this case only a verj slight break occurs in the surve at
55000 thus showing that practically all the compound has |
been précipitated whilst cooling slowly in the furnace,

The annealed specimen from the previous experiment was
heated to 350 C and soaked at this temperature for 30 minutes
and then the cooling curve was teken. The cooling curve
1s quite smooth as is shown in Figure 4, This indicates
that/
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that no solubility occurred up to 350°C; This specimen was
also heated to 350°C and irmediately cooled in the furnace.
This curve was a smooth one showing no break due to
deposition of compound. It 1s therefore concluded that
below 350°C there is no solubility of the compound in
aluminium,

From the evidence of the thermal curves it appears that
the compound goes into solution over a range of temperature,
going slowly into solution between 350°C and 480°C, and
at the latter figurg all the remaining amount of compound goes
into solution., Even at this highéf figure an appreciable
emount of time is required to get all the compound into
solution,

How the compound will come out of solutioﬂ depends very
largely upon the rate of cooling. If the alloy be very
slowly cooled then the compound separates out at a high
temperature, But 1f the rate of cooling be moderately
vrapid_then a large evolution 6f heat will occur at about
375°C, The exact temperature at which a maximum effect is
observed; varies according to different treatments of the
alloys, from 330 C to 375°C.. It would appear that the
position of the point varies with the amount of the
compoundsin solution, which in turn is a function of the
initial temperature and period of soaking. If the alloy be
heated to 51000 and then immediately cooled in the furnace,
time does not permit of all the compound going into
solution and the point is found at 360°C. If the alloy
1s soaked for half an hour at 510°C and then cooled at deme
rate as before the deposition occurs at 375°C whilst if
the alloy, after soaking at the high temperature, is very
slowly cooled, then the point occurs at 330°C and 1is very

small. Hence the variation of the thermal point on cooling

would appear to be a function of the solubility of the compound

in/
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in aluminium with temperature and time; the lower the
temperature the less the solubility of the compound in
aluminium, Consequently.the less the amount of the compound
in solution the lower will be the temperature reached before
the concentration of the compound attains the critical amount
which produces precipitation,

If the alloy be quenched so as to retain the compound in
solution then, on heating the specimen, the compound is
deposited over a range of temperature from 26000 to 295°C
with the maximum rate of deposition at 280°C,. There is
evidence of a very little deposition at 180°C but as the
ev°1ution.of heat is very great at 28000 very little of the
compound can have been precipitated at the former temperature,
At 48900 the compound is re-dissolved but requires a certain

amount of time to go completely into solution.

Dilatation Experiments,

A study of the precipltation of the compound was made by
means of determining the coefficient of expansion with
temperature variation, The apparatus was the same as was
used in the study of the Copper-Zinc alloys,

A standard #illatation specimen, 2 inches long by 7/8 inch
in diameter, was prepared from a piece of the stock duralumin
rod.

The specimen was annealed and then the heating dilatation
curve determined. This is shown in Figure 5, It will be
obseryed that the curve is a straight line upea to the
temperature of the solution of the compound at about SOOOC..
‘Moreover the compound goes into solution causing an expansion
of the alloy. There is no evidence in this case of the
compound going slowly into solution at lower temperature.

The specimen was heated to 56000, soaked for half an
hour, and then quenched in water. The dilatation curve was

taken immedlately after quenching, Flgure 6 shows the results
obtained/



obtalned. The coefficient of expansion is quite uniform up

to 240°C, indicating that up to this point there has been

no change in the material. At 240°C the specimen commences

to expand at an increasing rate and the rate of expansion

reaches & maximum at 280 C.. From 280 C to 350°C

the rate of expansion is about the same as for the solid solution,

that is for the range below 240°C,. At 3500C the slope of

the curve again changes but this time the rate of expansion

becomes less, this being due to the gradual coalescing of the

particles of the separated compound, It has already been

shown that the compound goes into solution with an expansion, At

430°C of the heating current was cut off and the cooling curve

taken, The curve shows a change in direction at 240°C

contracting at a lesser rate below this temperature th#n above

it. It would appear that over the range of temperature from

430°C to 240°C the small amount of the compound which must heve

gone into solution on heating, or had not been deposited, was

gradually being precipitated. This is in agreement with

the thermal curves. However there exists the apparent anomaly

of the compound being deposited on heating with expansion and

being deposited on cooling with contraction. Moreover it

would appear that the coefficient of expansion for the solid

solution and for the aluminium with the compound out of

solutidn i1s very nearly the same, the latter being just a little

less than the former. This 1s due, in all probability, to

the coalescing of the very finely divided particles of

the compound which separate from the quenched solid solution upon

heating. This view is supported by the evidence of Figure 7.
Another specimen from the same bar was soaked at 500°¢

foéﬁninutea end then quenched in water, The dilatation curve

for the quenched specimen was determined and is shown in Figure?.

The curve shows the same type of expansion over the range of e

temperature/



temperature from 240°C to 280°C but because of the
shorter time of soaking the amount of expansion is not quite
~so great, Beyond 280°C the curve shows that & gradusal
coalescing of the particles took place, indicated,, as
before, by the gradual decrease in the rate of expansion.
At 43000 the decrease in the rate of expansion becomes
much more pronounced, but at 480°c the rate of expansion
increases, due to the solution of the compound. At 510°C
the heating current of the furnace was cut off, From
this temperature down to 45000 the curve shows an
increasing rate of contractlon due to the continuous
precipitation of the compound. From 45000 to 180°C

the rate of contractlon is constant. Upon reheating the
specimen the rate of expansion 1s exactly the same as was
the rate of contraction on cooling. The curve continues
as a straight line up to 480°C at which temperature the
rate of expansion increases. This indicates that -once
the compound has comeé out in the massive form 1t does not
go into solution again until 480°c, It is worthy of
mention that the annealing of the quenched specimen had
caused it to undergo a net contraction, Figure 8 shows
the derived dilatation curve, The close resemblance

to the derived thermal curve for the quenched alloy is
most striking.

In Figure 9 is shown the dilatation curve of a
specimen which had been quenched from 500°C and then aged
for 24 hours at room temperature. Comparing Figs., 6 and 9
the same thermocouple was used in these two cases - it is
noticeable that the rate of expansion is greater in Fig,6..
Moreover there is little evidence of pfecipitation in Figure 9,
indicating that practically all of the compound has separated
in the 24 hours., Further the cooling curve practically
follows the heating curve, there being no difference in

the/
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the final resadings, This also points to the fact that all
the compound had separated during the 24 hours of ageing.
The codling curve shows a slight decrease in the rate of
contraction at 240°C from which it would appear that there
had been a small amount of the compound going into solution
although the maximum temperature was below 480°C,

Another specimen was soaked for 3 hours at 50000 and then
quenched in a mixture of ice and brine, Figure 10 shows the
heating dilatation curve obtained using this specimen. The
same expansion and gradual contraction due to the precipitation
and coalescence of the compound is revealed. Also fhe
expansién at 480°C due to the precipitated compound
redissolvihg, 1s observed.

From the evidence supplied by a study of the dilatation
curves, it appears that the compound separated from th;

- 801id solution causing an increase in volume. This
precipitation took place at about 280°C.. This was followed
by a gradual contraction, due to the coalescence of the finely
dispersed precipitate, which finally went into solution again
at 480°C. It was further demonstrated that a small amount

of this finely divided precipitate went into solution below
480°C but 1f the precipitate became coalesced,or massive, 1t
did not go into solution until 4800C, This influence of

the state of subdivision upon solubility is quite general
throughout the realm of chemistry.

Thermo-electric Power,

The thermo-electric power'of variously treated duralumin
specimens was determined in order to see if a study of
this phyeical property would throw any light upon the "age-
hardening!" of thewe alloys. For this ﬁﬁrpose the thermo-
electric value dgainst platinum was determined, The duralumin
specimens were in the form of thin strip about % inch thick
and of the same breadth, Each strip was 6 inches long.

A/
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A small electric resistance furnace was made out of a fire-clay
sheet and platinum wire, The total length of the furnace
was 3 inch. The furnace was placed upon the junction of
the plece of duralumin strip and the platinum wire in the
form of a cap, the other end of the strip being immersed
in cold water, The strip did not make contact with the
water but was enclosed in a glass tube. The platinum 1limb
of the couple was similarly cooled, The cooling of the cold
junctions was sufficiently drastic to prevent the"aged" alloy
from becoming soft and also.té prevenp the quenched alloy
from "ageing". The thermo-couple for recording the
temperature was of platimum, platinum-iridium, a Tinsley
potentiometer being used to measure the current. The
same potentiometer was used to determine the thermo-électric
power, . The hot junction of the thermo-couple was enclosed
in a sheath but in view of any possible lag in the tempersature
this was discarded. It was next tried without a sheath but
the danger of "shorting" was ever present. Finally it was
separated from the thermo-pile by a piece of fireclay sheath
which had been split in two. This prevented "shorting" and
did not give rise to any possibility of a lag in the temperature
recorded., That the apparatus was capable of giving good
results can be séen from Figure 11, in which is shown the
curves obtained from two strips of annealed duralumin. An
interval of three months elapsed between the determination
of the two curves,

The thermo-electric values of the strips of duralumin
in the annealed; quenched)and age-hardened states against
the.same plece of annealed platinum wire were measured
at various temperatures from room temperature to 450°C,
The thermo-electric value was determined at intervals of
16 micfo—volts in the thermo-couple circuit, which was

equal/



equal to approximately 10°C.. The results of these determinations
are seen in Figure 12 in graphical form,

The curve for the annealed specimen calls for no comment
being smooth and similar to those of Figure 1ll. Both the
aged and the quenched states gave higher thermo-electric values
than the annealed state. Consequently both curves lie above
that for the annealed specimen and, moreover, not even at high
temperatures do they approach 1it. On the other hand above 28008
the curves for the quenched and the aged specimens coincide.
It would appear, therefore, that the stabe of the comppund
which separated from the quenched solid solution upon heating
is not the same as that which separated upon slowly cooling,
Although this contention is supported by the evidence
obtained from the dilatation curves, yet it must be néted
that in the case of the treated theremo-~electric specimens
whilst the hot end of the specimens underwent change, the
cold end remained in the treated state, This, undoubtedly,
would account for a portion, if not all, of the difference
between the curves. One of the treated specimens was
heated to 500°C and slowly cooled and gave the characteristic
curve for the annealed state. It will also be observed
in Figure 12 that at low temperatures, the quenched state
gave higher thermo-electric values than the aged state but
that the rate of increase of the thermo-electric force for
the quenched state began to fall away about 120°C..

At 170°C the curve for the quenched specimen falls below
that of the aged specimen and continues to remain below
until 260°C at which temperature it rises again and at 28000
the two curves very nearly merge togethér. The quenched
state gave the greatest thermo-electric value and the aged
state also gave a greater value than the annealed state,

When the compound separated from solution in a very fine
state/



state of division it caused a lowering of the thermo-electric
value, due to the strained state of the alloy, and actually
jowered the value below that of the aged curve., This
would be expected because the particles which separated
during the process of ageing in the aged specimen would pass
into a slightly coarser state during the subsequent heating,
and the specimen would be less strained, whereas in the quenched
alloy the particles whadek would just be separating from the
solid solution on heating. These latter particles also
gradually pass into the coarser state with increasing
temperature and further deposition takes place untlil at 280°¢
the states of the two speéimens become préctically identical,
except for slight differences in cold ends;also complete
deposition takes place at thls temperature as shown by
the thermal and dilatation curves, |

In order to be certain that the strained state did actually
lower the thermo-electric value below that of the aged state
two further experiments were carried out. A plece of
duralumin strip was worked by passing it through rolls until
it was reduced by 50%. Another piece of strip was quenched
from 500°C and aged in boiling water for 20 minutes., - The
. thermo-electric value of each specimen was determined against
the amnealed platinum wire with increasing temperature.
In Figure 13 the results obtained are shown graphically
and itkis seen that the cold worked specimen gave a lower
value than the aged specimen. The two curves do not
coincide because the cold ends remained in different states,

Dilatation and thermo-electric determinations having
demonstrated that the particles of the compound separate
in a very fine state of division and then coalesce with
increasing temperature, it seemed very d#sirable to see
if the same'thing happened on ageing at room temperature.

The dilatometer suggested itself to be the most likely
plece/
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plece of apparatus with which to demonstrate this point,
Accordingly a dilatation specimen was prepared. It was
heated to 500°C, soaked for 15 minutes and quenched. The
quenched specimen was put into the dilatometer, great
care being exercised in setting up the instrument so as to
pui only a very slight pressure on the specimen., This was
necessary, otherwise the dilatometer would not settle down
to equilibrium conditions for nearly an hour, Time -
dilatation readings were taken, at first at every half hour,
and later at longer intervals of time, The curve was of
a peculiar rhythmic form. The experiment was repeated but
this time the temperature of the air near the dilatometer
was also recorded. The results are plotted in graph form
in Fjgurel4. It is seen that the rhythmic form of the
curve was due to the diurnal fluctuations in room teﬁperature.
But it is worthy of note that the first rise in the curve
is greater than the succeeding ones, The emperiment was
repeated but this time it was commenced in the evening when
the room temperature was falling, and readings were taken
throughout the night, Here again, whilst the dilatation curve
follows the temperature curve, yet at first it shows an
appreciable rise whilst the temperature is rapidly falling.
Whilst this evidence cannot be said to be conclusive
yet it does point, in a strong manner, to the process of
ageing at room temperature being the same as that discussed
for increasing temperature,
The dilatometer having failed to show what was wanted in
a convincing manner, attention was turned to density determina-
tions. However, instead of making complete density
determinations, the object in view would be quite as fully
served by observing the change in weight in oll of the quenched
specimen. Accordingly a specimen of about 13 grams was

~ prepared. All the surfaces were polished, finishing on
the/



the 000 French emery paper. This was done so that a smooth
face would be obtained and air bubbles would not readily
adhere to it. The specimen was heated in vacuo to 500°C,
soaked for 15 minutes and quenched in water., It was

lightly rubbed on the 000 paper, then transferred to a fine
platinum wire cage suspended from one beam of the balance and
imme rsed in paraffin oil. It was counterbalanced by

weights and then at half hﬁur intervals, and later at longer
intervals, the balance was adjusted by means of the rider and
the alteration in weight recorded. The results are shown

in graphical form in Figure 16.

The greph rises sharply for the first five hours and then
gradually falls again, This change bears out the evidence
of the dilatometer in that the ageing at room temperature
is accompanied by an expansion followed by a contraction,
However in this curve the influence of the diurnal temperature
variation is also marked, The dotted line will represent,
approximately, the true variation due to the ageing of the
quenched duralumin, The peaks in thlis curve occurred
between 3 and 4 o'clock in the aftermoon, those on the
‘dilatation curve occurring at 2-30 p.m.. In this case the
0il would gradually alter in témperature and thus cause an
apparent alteration in the specific volume of the specimen,
The weights would also alter with temperature.

In order to overcome this difficulty enother specimen
of the same size was prepared. The two specimens were
now annealed and had their surfaces cleaned, One was
suépended from éach arm of the balance by a platinum cage
made of the same wire. Each specimen.was immersed in a
beaker of paraf?in oil to the same depth'and each beaker
had the same quantity of oil in it. The pointer was
adjusted to zero position on the scale and then readings

were/
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were taken as before. As both specimens were in the same
state no change &ould take place. This was found to be
the case as is shown in Figure 17 upper curve.
One of the specimens was now quenched in water from

5000C after sosking at that temperature for 15 minutes,
It was then replaced in the balance and, after adjustment
of the weights, the alteration in welght with time was
determined., In Figure 17 the results are given in the lower
curve., This time the curve 1is quite regular,

| Again there is the marked expgnsion followed by a slow
contraction, Therefore it would appear that the phenomenon
accompanying the ageling of a specimen at room temperature was
the same as was observed with 1ncreas1ng temperature, It is
of interest to note that Igareshi (3) has obtained the same
type of curve using a differentlal dilatometer, The next
step to be taken was to investigate the nature of the separating
particles, It was now known that increase of temperature, and
increase of length of time brought about the same effect upon
the quenched duralumin, namely they produced a deposition of
the compound in a very fine state of division which gradually
coalesced into larger particles. In view of the work which
had already been carried out upon the brasses of Beta
composition it was thought desirable to apply the same
treatment to the quenched duralumin, If such treatment
hastenéd the coagulation of the finely deposited particles,
then a most feaslble assumption to make was that the |
separating particles were of a colloidal nature,

The method of investigation which most readily

suggested itself was to follow the change in constitution
of the alloys by means of Brinell Hardnéss determinations,
The work of Hansem, and Gayler (4) has shown that there
is a considerable increase in the Brinell Hardness as
ageing proceeds, For the purpose of experiment two

pleces/
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pleces of the duraiumin rod, each about 6 inches ldéng,
were machined so as to have their top and bottom faces
paréllel for the determination of the Brinell Hardness
values, Also one piece was turned down to 3/8 of inch
diameter.at: éash end for a length of 3 inch. - This was
for the purpose of fitting terminals to connect to an
balternating current circult, Both spefimens were
quenched from 500°C in cold water and the Brinell Hardness
number immediately determined. The one specimen was
then put into the secondary circuit of an induction coil
giving about 50,000 volts and submitted to the alternating
current at room temperature, No rise in temperature of
the specimen occurred. The other specimen lay on the
bench néar to the specimen under treatment but received
no treatment. Brinell Hardness determinations were made
at frequent intervals and the results are recorded in Table I.

They are also shown graphically in Figure 18.

TABILE I.

Time in Untreated specimen Specimen treated with alternat-
hours, 500 Kg. load. ing circuit. 500 Kg load,
° 70 (as quenched) 70 (as quencreqd)

1.0 70 72
1,30 72 2
3.0 Va4 8o
4.0 72 80
5.0 80 | 86
6.0 - 80 | 86

2340 86 o3
24,0 90 - 93
25,0 90 o4
27.0 90 93
29.0 90 93

47,0 93 93
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Tn the alternating current tests it whould be noted
that the current was cut off during the night, that 1s
during the interval from 6 hours to 23 hours.

Although the results do show that the alternating current
has appreciably affected the rate of deposition - or the
rate of ageing - yet they cannot be said to offer any
satisfactory proof of the nature of the deposited particles.

If the deposited perticles are of a colloldal nature
then they must have a different electronic configuration
from the ordinary crystalline perticles. Whilst it is
true that colloidal substances have been shown by X-ray
analysis to have a definite space lattice yet in very many
cases they are known to carry an electric charge. Even
in the case of neutral colloidal particles, theme must
have a different electronic configuration from the ordinary
crystalline particles and it is this particular configuration
which keeps the particles from coalescing. But under the
influence of heat or of an alternating current they lose
this peéuliar meta-stabile configuration, then they behave
like normal particles and will coalesce into larger
aggregates, If the deposited particles in duralumin during
ageing are of a colloidal nature then they too will have,
as previously stated, a characteristic electronic
configuration, Resistivity measurements should reveal if
such a state of affairs exmists, Consequently a series of
resistivity determinations was made mpon duralimin specimens
in the annealed, aged and quenched states,

For the purpose of experiment a mumber of thin strips
. of the duralumin were prepared, similar to those used for
the thermo-electric determinations., Nicki}-chromium steel
knife edges were clamped on to the specimens at a distance

of approximately 3% centimetrew apart. In order that the
distance/
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distance might remein constant - this being of vital
importance - the same specimen was used for the annealed,
quenched and aged determinations, the knife edges belng

kept in position throughout. The drop in potential

between the knife edges was measured by means of a

vernier Tinsley potentiometer. The current was obtained
from four Ni-Fe batteries arranged iIn parallel, each

battery having 3 two-volt cells arranged in series, This
gave a steady current which, by means of adjustable rheostats,
was cut down to sbout 1,5 amperes. The current was

measured before and after each reading, using a standard
shunt and the Tinsley potentiometer., At least 6 resistivity
readings were made of each specimen in each state of treatment.
All results were calculated to a bgsis of 1,5 amperes of
current, but as comparative results only were required these

were not converted to microhms‘per CeCos The calculatéd

results obtained for the potential difference did not differ i
by more than + 0,0000025 volts in any set of determinations.

The results obtained were as follows:-

Annealed state, Quenched state. Quenched and aged in ;
P.D., in volts. P.Diein voltse YDboiling water for 10 mins
P.D. in volts,
0.00061 0.,00079 0.00082

The influence of the time of ageing was next investigated,
A quenched specimen was aged in boiling water for different @
lengths of time and its value finally determined after it

had been kept at room temperature for 15 hours.
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The results of the experiment are as follows:-

Time of ageing in bolling Potential differance
water, in volts.
9. minutes (as quenched) 0.,00079
5 minutes 0,00082
15 minutes 0,00082

25 minutes 0.00082
After remaining at room temperature |
for a further period of 15 hours ©,00079 ‘
The specimen was then subjected to alternating current for 30
minutes but the P.D. still remained at 0,00079 volts,
Having shown that heating a quenched duralumin specimen for a

few minutes at 100°C brought about an increase in the resistivity

but that continued soaking at this temperature up to 25 minutes
caused no further change, the influence of raising the
temperature was tried., The specimen was heated to 250°C for
15 minutes and finally to 350°C for the same time, The latter
treatment reduced the P.D.value to that of the fully annealed
state. The following results were obtained, the P,D. being
given in volts.,

Quenched state, Annealed at 26900 for $+ hr. Annealed at %
350°C for % hr.

0.000793 9.000766 0.000610 |
There 1s thus quite an appreclable difference in the resistivity
values for the different states of tre duralumin., Moreover
the ageing 1s accompanied by a distinct change of valuse.
The finely precipitated material causes an increase in the
resistivity either due to strain a due to-the fact that
it 1s deposited in the colloidal state., It seemed very
probable that a few experiments using;alternating current
on quenched specimens and determining the effect of 1t by i
resistivity/ \



resistivity measurements would throw some light upon this
point.

Accordingly a specimen was quenched from 500°C after
soaking at that temperature for 15 minutes. It was then
aged in boiling water for 10 minutes and subjected to the
alternating current treatment at the temperature of bolling
water. Resistivity determinations were made at each stage

of the treatment of the specimen. The following results

were obtained, All determinatlons were made at room
temperature, |
|
Quenched state., Aged state., Time in After treatment with
boiling water, alternating current
at 100°C for 10 ming
©.00078 0.000795 5 mins. -
- 0.000805 10 mins., -
- - - 0,000780

Thus the alternating current brought about a reduction of

the resistivity value in ten minutes and in a previous
experiment after 25 minutes! treatment in boiling water without
alternating current there was no reduction in the initial

aged value of the resistivity.

As these experiments seemed to add weight to the
observation made by the Brinell Hardness tests,that the
alternating current does affect the coaiescence of the
precipitated compoﬁnd, it seemed very necessary to carry
out some additional experiments upon this point,

It was consldered very desirable to follow the ageing
phenomena by means of resistivity measurements, An apparatus
was set up in which the resistivity specimens were kept at

& constant temperature and measurements made at frequent

intervals,

For the purpose of obtaining constant temperature
two/ ’
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two large flasks were fitted with reflux condensers and
half filled with water which was kept boiling. One specimen
was immersed in the boiling water of each flask,. Further,
one specimen was coupled to the alternating circult, this
being cut off by means of a switch when determinations were
being made. As before, the current was measured on the
potentiometer before and after each reading. Altogether
six readings of the specimen in each flask were made
alternately at each determination, the limits of error being
as before, namely 0,0000025 volts.

The value for each specimen was determined in the cold
state after quenching from 500°C and gave the same flgure
of 0,00061 volts., This figure differs from the earlier ones
because the knife edges were a little closer together to
permit of easy passage into the flask, Both were mounted in
the apparatus and the flasks brought to boiling but no
alternating treatment was used at this stage. Further,
both were aged for 1% hours, before the alternating current
circuit was coupled to the specimenf§ to be treated,
Actually 3 hours elapsed from the commencement of the
experiment until the alternating current treatment commenced.
After the treatment had started, readings were taken at intervals
of 10 minutes, then every half hour and finally at longer
intervals. The results are shown in graphical form in Figure 19,
For the first three hours the two curves coincide; this 1s
what should be obtained as, up tp the time marked by point P,
the experiments were duplicates. P indicates the time when
the alternating current was switched on. From é% the resist-
ivity rises steadily due to the increasing temperature.
The portion from B to C represents the ageing of the specimens,
CD on the curve of the uhtreated specimen (upper curve)
shows the same decrease as was obtained in all the previous

expgriments, namely the gradual decrease in resistivity as

coalescence/
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coalescence took p&gce. The fall in resistivity from

E to F is due to the cooling of the apparatus. The final
reading was taken after removing the specimen from the flask
and it is noted that it was practically the same as the
quenched specimen. Thus the blank specimen behaved in the
same manner as all the earlier specimens on agelng, rising
to a maximum ;nd then falling to practically the original
value,

In the case of the specimen treated with alternating
current the resistivity curve falls very abruptly to the
point H within 40.m1nutes after the starting of the circuit.
The fall KL is due to the cooling of the appeaeratus, As in
the case of the control experiment the final reading was taken
after the specimen was removed from the flask. In this case
"the final value was lower than the value for the original
quenched specimen, .

The effect of the alternating current treatment has been
to cause more complete coagulation of the finely precipitéted
particles and thus cause the resistivity of the treated
specimen to approach more nearly to that of the annealed
state. .

It has been shown that the compound separates from the
solid solution in quenched duralumin over a range of
temperature reaching a maximum at about 280°C.. The compound
goes into solution again at 48000 but 1f the compound is
in a very fine state of division it goes into solution to a
limited extent before this temperature is reached, When
the compound separates from the quenched solid solution it
does so with expansion and this expansion 1s followed by
& contraction due to the coalescence of the finely dispersed
compound, This happens on ageing at room temperature and
also takes place as the alloy ages with increasing temperature,

The state of the separating particles is greatly influenced
by/~



e7.

alternating current. The function of the alternating current

is to alter the electronic configuration of the dispersed
particles of the separated compound and so allow them to

coalesce to a greater extent than would otherwise be

possible, Increasing the temperature functions in the

same manner, The particles which separate on ageing

are i1n a particular state of dispersion and have a characteristic
electronic configuration; in other words they are in the
particular state of matter called the colloidal state,
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